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1. INTRODUCTION
Prostate cancer (PCa) is the leading cancer diagnosis and the second-leading cause of death among 
men in the United States1. Obesity is another growing epidemic in Western societies and in developing 
nations, and represents one of the greatest threats to global human health2,3. Importantly, there is 
emerging support for a positive association between obesity and increased risk of PCa, with stronger 
links to more aggressive fatal disease4,5. However, despite the relatively high amount of 
epidemiological data available, little is known about the molecular basis underlying the association 
among PCa progression, obesity, and inflammation, or the role of the adipocyte-cancer cell interaction 
in this process. Therefore, biochemical and genetic studies using physiologically relevant models that 
mimic the complexity of these processes are sorely needed. Given the current obesity epidemic, it is 
urgent to explore possible interventions to disrupt the obesity-PCa link. Identifying the molecular 
mechanisms governing obesity-induced PCa progression will have a great impact on our understanding 
of this process, and will help in the design of more targeted and efficacious therapies in PCa. 
Collaborative efforts between our two laboratories (Diaz-Meco and Moscat) have identified p62 as a 
novel player in PCa and in obesity-induced inflammation, providing us with a unique in vivo model to 
study, at a cellular and molecular level, the mechanisms regulating the obesity-PCa interface. 
Understanding the role of p62 in the cellular and molecular pathways controlling PCa progression in 
obesity is critical for the design of new therapeutic strategies aimed at targeting the tumor 
microenvironment. Interfering with adipocyte-tumor cell interactions to disrupt PCa progression could 
be a much-needed new therapeutic avenue. 

2. KEYWORDS
Prostate cancer; obesity; inflammation; p62; tumor microenvironment; adipocyte; IL-6; mouse models; 
stroma; mTORC1; c-Myc; nutrient sensing. 

3. OVERALL PROJECT SUMMARY
This report corresponds to the final report of the Synergistic Idea Development Awards W81XWH-13-
1-0353 (PI: Dr. Diaz-Meco) and W81XWH-13-1-0354 (Partnering PI: Dr. Moscat).  
The goal of this synergistic project was to test the hypothesis that p62 is a molecular link that connects 
obesity, inflammation, and PCa progression. This was addressed in three Specific Aims: 
Aim 1.  Investigate the in vivo role of p62 in the relationship between adipose tissue and PCa 

progression. 
Aim 2.  Determine the role of p62-mediated inflammation in the PCa tumor microenvironment.  
Aim 3: Explore the role of p62 in the adipocyte-PCa cell interaction through cellular and mechanistic 

in vitro studies. 
The overall progress of the project has been excellent. We have fully developed the project and 
successfully completed the tasks planned according to the approved SOW and also expanded some 
unanticipated experiments based on the obtained results.  

Task 1: Breeding of the required mice for experiments (Months 1-16; Diaz-Meco & Moscat). This task 
was completed as planned and as reported in 1st and 2nd Annual reports.  

Task 1.1. Diaz-Meco lab bred TRAMP+ mice with p62Adipo mice provided by Moscat lab and 
generated the required experimental mice for analysis in the different tasks.  

Task 1.2. Moscat lab bred WT, p62 KO, IL-6 KO and p62/IL-6 DKO mice required for the planned 
experiments. 

Task 2: Analysis of the PCa phenotype of TRAMP+/p62Adipo and TRAMP+ mice  (Months 4-16; Diaz-
Meco) was completed as reported in 2nd Annual report.  
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Task 2.1. Disease-free survival curves (Kaplan-Meier plots) have been completed. No changes in 
survival were observed comparing the groups of both genotypes (Fig. 1A). This was most probably 
due to the huge volume of the primary tumor in both groups.  

Task 2.2. Analysis of PCa progression in TRAMP+/p62Adipo and TRAMP+ mice: Diaz-Meco lab 
completed the characterization of the phenotype of TRAMP+/p62Adipo. The results of these tasks are 
presented in Fig. 1. Body weight and GU weight was determined at the endpoint of the experiment. 
Although there was a tendency of higher body weight in the TRAMP+/p62Adipo mice, there were not 
significant differences in this parameter between both groups (Fig. 1B). This result was unexpected, 

 
Figure 1. Analysis of the PCa phenotype of TRAMP+ and TRAMP+/p62Adipo mice. (A) Kaplan-Meier survival curve of 
TRAMP+ (n=20), compared with TRAMP+/p62Adipo (n=31). (B) Graph showing body weight and genitourinary (GU) tract 
weight of TRAMP+ (n=10) and TRAMP+/p62Adipo (n=20) mice at 30-40 weeks of age. (C) Histological analysis of prostrates 
of the indicated genotypes. (D) Table showing incidence of metastases from TRAMP+ (n=14) compared with 
TRAMP+/p62Adipo mice (n=30). (E and F) Pie chart and table showing the distribution of metastasis sites. (G) H&E staining 
of prostates and metastasis in different tissues of the indicated genotypes at 37 weeks of age. Scale bar=100 mm. Results are 
shown as means ± SEM, *p<0.05. 
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but suggested that the presence of the tumor could have a profound effect in the whole metabolism of 
the host. Thus, whereas our previously published results6 demonstrated that p62Adipo mice are 
significantly more obese that WT control mice in regular as well as in high-fat diet, however 
TRAMP+/p62Adipo mice loose weight and their body weight is not significantly different from that of 
TRAMP+ mice. This intriguing result suggested us the possibility that these mice could be suffering 
cachexia as a result of the PCa tumor. In contrast to body weight, the GU weight was significantly 
increased in TRAMP+/p62Adipo mice as compared to control group (Fig. 1B). Most importantly, we 
found that TRAMP+/p62Adipo mice developed a more aggressive PCa phenotype with higher incidence 
of adenocarcinoma and neuroendocrine tumors than TRAMP+ control mice (Figs. 1C).  Interestingly, 
TRAMP+/p62Adipo mice also had a higher metastasis incidence as compared to the control group (Fig. 
1D). Of note, there was also a tissue preference for the metastasis in the TRAMP+/p62Adipo mice with 
increased incidence in liver and lung (Figs. 1E-1G). Furthermore, we also found metastasis in kidney, 
WAT and BAT in TRAMP+/p62Adipo mice that were not detected in TRAMP+ (Figs. 1E-1G). 
Collectively, these results suggest that the loss of p62 selectively in the adipose tissue drives 
tumorigenesis and invasiveness in PCa. This is consistent the increased risk associated with more 
aggressive PCa to obesity found in multiple epidemiological data7,8. In addition, these results 
demonstrate a cause and effect molecular link to start dissecting the mechanism connecting obesity and 
PCa progression in a suitable, physiologically relevant genetic in vivo model independent of food 
intake and diet.  

Task 3: Analysis of the general metabolic characterization of TRAMP+/p62Adipo and TRAMP+ mice  
(Months 4-16; Moscat). A cohort of 6 mice of each genotype was analyzed for metabolic studies 
(CLAMS and DXA). The results of these tasks are presented in Fig. 2. As planned in Task 3.1, we 
monitored the body weight of a large cohort of mice during 10 months. In agreement with our results 
of Fig. 1B, there was a tendency of higher body weight in the TRAMP+/p62Adipo mice group, however 
that was not overall significant (Fig. 2A). Furthermore, there were not significant changes in 
percentage of lean mass or fat mass as determined by body composition (Fig. 2B). Oil red staining to 
assess lipid accumulation in liver also revealed not significant differences between both genotypes 
(Fig. 2C). Next, we performed full metabolic characterization by using an automated indirect 
calorimetry system (CLAMS). The analysis of all the metabolic parameters measured including food 
intake, drinking, horizontal and vertical activity, volume of O2 (VO2), volume of CO2 (VCO2), 
respiratory exchange ratio (RER) and energy expenditure (EE) did not show significance changes 
between the TRAMP+/p62Adipo mice group as compared to the control TRAMP+ mice (Figs. 2D-2L). 
These surprising results are extremely interesting because they unveiled the impact that the PCa tumor 
has in the metabolism. As mentioned above in regard to the lack of differences in body weight, these 
metabolic results suggest that TRAMP+/p62Adipo mice are suffering a cancer-associated cachexia 
phenotype. In fact, a similar metabolic analysis performed in p62Adipo mice showed decreased energy 
expenditure accompanied by a significant reduction in locomotor activity as compared to WT control 
mice6. This indicates that the presence of tumor in TRAMP+/p62Adipo mice provoked a metabolic 
dysfunction in the p62Adipo mice increasing their metabolic rate to reach the same energy expenditure 
than TRAMP+ mice. This is consistent with the increased energy expenditure and activation of 
thermogenesis that have been proposed as causative for cancer-associated cachexia 9,10,11. Of note, 
TRAMP+/p62Adipo mice that have no longer increased body weight or energy expenditure alterations, 
they however still displayed an insulin resistance phenotype. Thus, TRAMP+/p62Adipo mice have 
defects in glucose and insulin responses as measured in glucose tolerance (GTT) and insulin tolerance 
(ITT) tests (Figs. 2M-2N) and the levels of triglycerides and cholesterol were also normalized with no 
differences between both genotype groups (Fig. 2O). These results open a new aspect of investigation 
in our project, since not only the adipose tissue talks to the tumor to make it more aggressive, but also 
the tumor impacts the metabolism of the host.  
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Figure 2. Metabolic analysis of TRAMP+ and TRAMP+/p62Adipo mice. (A) Body weight of TRAMP+ (n=20), compared with 
TRAMP+/p62Adipo (n=33) from 6 to 40 weeks of age.  (B) DEXA analysis of mice of 7 month of age. Fat and lean mass as the 
percentage of total body weight. (C) Representative pictures of Oil Red staining from TRAMP+ and TRAMP+/p62Adipo livers. (D-L) 
Mice were housed in a metabolic chamber and monitored using Comprehensive Lab Animal Monitoring System CLAMS. (D) Oxygen 
consumption. (E) Carbon Dioxide production.  (F) Respiratory Exchange Rate. (E) Drinking volume. (H) Food intake. (I-J) Locomotor 
activity. (K) Heat production. (L) Energy expenditure in relation to body weight. (M) Glucose tolerance and (N) insulin sensitivity tests. 
(O) Triglycerides (TG) and total cholesterol (TC) in liver and serum of TRAMP+ and TRAMP+/p62Adipo  mice. n=6 mice per genotype. 
Scale bar=100 µm.  
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Tasks 4 and 5.  Gene expression studies and metabolic profile of prostate and metabolic tissues in 
TRAMP+/p62Adipo and TRAMP mice  (Months 12-22; Diaz-Meco & Moscat). We decided to modify 
the SOW regarding these tasks and to take a more global and unbiased approach to analyze gene 
expression. Instead of performing gene chip microarray analysis of PCa tumors and qPCR of a very 
limited number of metabolic genes and doing a limited metabolic analysis in these tissues, we decided 
to do RNAseq of both white adipose tissue (WAT, Moscat) and of the PCa tumors (Diaz-Meco). We 
think that this more comprehensive analysis could be more useful to understand the mechanism of 

action of p62 in these two compartments and to decipher how the tumor impacts the adipose tissue and, 
at the contrary, how the adipose tissue promotes tumor growth. Interestingly, bioinformatics analysis 
of the whole-transcriptome of WAT of both mouse genotypes (Moscat) revealed a profound impact on 
the metabolic functions upon deletion of p62. Thus, gene set enrichment analysis (GSEA) using the 

 
Figure 3. Whole-genome transcriptome analysis of WAT and PCa tumors in TRAMP+ and TRAMP+/p62Adipo mice. (A) Gene set 
enrichment analysis (GSEA) showing that p62 ablation in adipocyte in TRAMP tumor bearing mice rewires metabolic pathways in WAT. 
Top metabolic hallmark gene sets sorted by normalized enrichment score (NES) comparing TRAMP+/p62Adipo versus TRAMP+ mice (n=3). 
(B) Heatmap representation of downregulated genes associated with “adipogenesis” in TRAMP+/p62Adipo relative to TRAMP+ WAT (n=3) 
including Log2FC and adjusted p value. (C) qRT-PCR analysis showing the downregulated expression of mitochondrial genes in 
TRAMP+/p62Adipo relative to TRAMP+ WAT (n=7). (D) Enrichment graph of mTORC1_SIGNALING dataset in WAT (n=3). (E) GSEA 
showing that p62 ablation in adipocytes has distal influences on PCa. Top different hallmark gene sets in PCa sorted by NES. (F) Heatmap 
of representative genes associated with FA oxidation upregulated in PCa tumor of TRAMP+/p62Adipo (n=3) versus TRAMP+ mice (n=4). (G) 
GSEA showing an Epithelial-Mesenchymal-Transition (EMT) signature in PCa of TRAMP+/p62Adipo mice (n=3).  
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curated gene set compilation Hallmark (MSigDb H) showed enrichment in metabolic gene sets in 
genes downregulated in TRAMP+/p62Adipo WAT. These included “adipogenesis”, “oxidative 
phosphorylation”, and “fatty acid metabolism” among the three top enriched gene sets (Fig. 3A). These 
results indicate that the PCa tumors abrogate critical adipocyte functios such as adipogenesis and 
mitochondrial oxidative phosphorylation in p62Adipo WAT to shut down of the metabolism in the 
adipose tissue to provide nutrients for the benefit of the tumor to support tumor growth and 
progression. In agreement with this model, a broad spectrum of genes involved in fatty acid and 
glycerolipid synthesis for lipogenesis and mitochondrial oxidation their respective upstream regulators 
were profoundly repressed in TRAMP+/p62Adipo WAT (Figs. 3B and 3C). In addition, we also found 
that a signature of mTORC1 signaling was impaired in WAT upon p62 deletion (Fig. 3D). This is an 
important observation based on the fact that mTOCR1 is a well recognized regulator of lipogenesis via 
SREBP112 as well as a key player in “browning”, a process characterized by β-AR-dependent UCP1 
expression and expansion of beige/brite adipocytes13. Furthermore, the Diaz-Meco lab has recently 
established the importance of p62 in mTORC1 activation14,15. Therefore, it is conceivable that the loss 
of p62 in adipocytes may cause inhibition of mTORC1signalling that account for the suppression of 
both adipogenesis and browning and is responsible for the metabolic reprograming in the adipose 
tissue to save nutrients for the benefit of the tumor.  

Next, we analyzed RNAseq data of PCa tumors from TRAMP+ and TRAMP+/p62Adipo mice 
(Diaz-Meco) to study the impact of metabolic alterations in the adipose tissue on the tumor. Of note, 
and in contrast with the general repression of metabolism in the adipose tissue of the p62Adipo mice, 
GSEA of PCa tumors of these mice revealed a marked enrichment of gene sets associated with fatty 
acid metabolism in genes upregulated in TRAMP+/p62Adipo tumors as compared to those of TRAMP+

(Fig. 3E).  Importantly, there was a robust increase in fatty acid oxidation as indicated by upregulation 
of CPT1a and Acyl-CoA Dehydrogenase (Acad) expression (Fig. 3F).  These opposite results in 
adipose tissue and PCa tumors in fatty acid oxidation might indicate a metabolic switch of excessive 
energy flow from “host-to-WAT” in normal mice to “host-to-tumor” in TRAMP+/p62Adipo mice. 
Importantly, such metabolic rewiring is accompanied by an induction of Epithelial-Mesenchymal-
Transition (EMT) signature as shown by GSEA analysis (Fig. 3G), which is consistent with the 
increased metastasis incidence observed in TRAMP+/p62Adipo WAT (Fig.1D). 

Task 6. In vivo characterization of inflammation in PCa tumors, and adipose tissue (Months 23-30; 
Diaz-Meco & Moscat). We have fully characterized the inflammation in both adipose tissue (Moscat) as 
well as in PCa tumors (Diaz-Meco) from TRAMP+ and TRAMP+/p62Adipo mice. To analyze the 
infiltration of specific immune cell populations, we applied CIBERSORT, a computational approach 
using the RNAseq data of both tissues. Interestingly, there was a significant decreased in the infiltration 
of M1 macrophages in TRAMP+/p62Adipo adipose tissue as compared to TRAMP+ controls (Fig. 4A). In 
addition, there was a reduction in the recruitment of resting natural killer T cells (NK) and a 
concomitant decreased in activated NK cells in the WAT of TRAMP+/p62Adipo mice (Fig. 4A). Other 
immune populations did not show significant changes by this computational method. Further analysis of 
RNAseq data to characterize the immunological profile of the adipose tissue revealed a general 
increased in inflammation upon p62 deletion in this tissue including increased expression of 
macrophage markers (F4/80 and CD68), the monocyte chemoatractant (MCP1) and osteopontin (SPP1) 
(Fig. 4B). Interestingly, it has been shown that M2 macrophages express high levels of SPP1, which is 
important for remodeling the adipogenic cell niche16. Interestingly, we also found a switch from the 
expected M1 phenotype in adipose tissue from obese subjects to an M2 profile, as indicated by 
increased expression of classical M2 markers such as arginase (Arg1) or interleukin-4 (IL-4). Of note, a 
similar immunological landscape was also observed in the PCa tumors of TRAMP+/p62Adipo mice with 
an increased recruitment of macrophages, M2 switch and reduction of activated NK cells (Figs. 4C and 
4D). These results are consistent with a change in the host upon p62 deletion in the adipose tissue that 
will favor tumor progression and metastasis. In line with the potential role of inflammation in tumor 
progression, we have tested the hypothesis that p62-deficiency-induced obesity promotes 
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Figure 4. Role of inflammation in p62-mediated tumorigenesis. (A) Alterations in immune cell infiltration in WAT from TRAMP+ and 
TRAMP+/p62Adipo mice determined by CIBERSORT analysis. (B) mRNA expression of immunological profile of WAT from both genotypes. (C) 
Alterations in immune cell infiltration in PCa tumors from TRAMP+ and TRAMP+/p62Adipo mice determined by CIBERSORT analysis. (D) mRNA 
expression of immunological profile of PCa tumors from both genotypes.  (E) IL-6 is required for p62’s role in the tumor microenvironment. 
Orthotopic injection of TRAMP-C2Re3 cells into the prostates of syngeneic WT and p62 KO mice. Orthotopic tumors were allowed to grow for 
two months. (F) Body weight and GU tract weight. (G) Pictures of representative orthotopic tumors . n = 5 or 6 mice per genotype. (H) Infiltration 
of adipocytes in orthotopic tumors of p62 KO. H&E staining of orthotopic tumors from WT and p62 KO mice. Scale bar = 200 µm. (I) Increased 
proliferation in p62 KO orthotopic tumors. Immunostaining of Ki67 and cleaved caspase 3 in orthotopic tumors of WT and p62 KO mice. (J) 
Quantification of Ki67-positive cells and caspase3 positive cells. Results are the means ± SEM of counts from 10 different fields per mouse. n=5 
mice, **p<0.01. Scale bar = 50 µm. (K) Schematic representation of FACS-purification of adipose-derived stem cells from white adipose tissue of 
the indicated genotypes. (L) Histograms and dot-plots showing FACS staining profiles and gating of adipose stem cells from TRAMP+ and 
TRAMP+/p62Adipo mice. The live cells were sorted for CD31negCD45neg (histograms in the left). These cells were then sorted on the basis of 
expression of CD34 and sca1 (dot plots in the right). The percentage yield of CD31negCD45negCD34possca1pos cells (adipose-derived stem cells) for 
each genotype is indicated. (M) Quantification of adipose-derived stem cells from WT and p62KO mice isolated as described above. *p<0.05, 
***p<0.001. 
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carcinogenesis through increased adipose tissue and systemic inflammation, resulting in enhanced IL-6 
production. These results were reported in the 1st Annual report. We used orthotopic injections of PCa 
cells into the prostates of WT, p62 and p62/IL-6 DKO mice (Fig. 4E), and determined body and 
genitourinary weight (Fig. 4F). Interestingly, orthotopic tumors grew faster in the prostates of p62 KO 
mice as compared with WT controls, and importantly, tumor growth was completely abolished when 
the injections were performed in the p62/IL6 DKO prostates, indicating that IL-6 is required in vivo 
for the role of p62 in the tumor microenvironment (Fig. 4G). H&E staining of the orthotopic tumors 
grown in p62 KO mice showed infiltration of periprostatic adipocytes into the tumor whereas in the 
WT tumors the adipocytes were restricted to the periphery (Fig. 4H). p62 KO tumors have a higher 
proliferation rate with no changes in apoptosis as determined by Ki67 and cleaved Caspase-3 staining, 
respectively (Figs. 4I and 4J).   
 To complete this task, we also determine the potential role of adipose stem cells (ASC) in the 
tumor progression promoted by p62 deletion in adipose tissue. We first determined ASC in adipose 
tissue of TRAMP+/p62Adipo and TRAMP+ mice and of WT and p62 KO as described (Fig. 4K). Cells 
were initially selected by size, on the basis of forward scatter (FSC) and side scatter (SSC), followed 
by exclusion of dead cells on the basis of uptake of DAPI. Then, live cells were gated on both SSC and 
FSC singlets, ensuring that the staining of individual cells was analyzed. Next, the cells were separated 
on the basis of the cell-surface markers indicated. Of note, we found that adipose tissue from both 
TRAMP+/p62Adipo or p62 KO had more ASCs than their corresponding controls (Figs. 4L and 4M). 
These results demonstrate that there is an expansion of the ASC population as a consequence of p62-
deficiency that could impact tumor progression.  

Task 7. 3D Organotypic cultures to study the adipocyte-PCa cell interaction in vitro (Months 30-36; 
Diaz-Meco & Moscat).  
We next explored the role of p62 in the adipocyte-PCa cell interaction in in vitro studies using 
organotypic cultures. This 3D culture recapitulates, in an amenable in vitro system, the tumor 
microenvironment and its interactions with the tumor cell, closely mimicking the physiological 
situation and the cellular architecture. We have developed this in vitro system to study the interactions 
of tumor cells with adipose tissue. Culturing mature adipocytes is technically challenging because of 
their large lipid droplets, which precludes their attachment. To overcome this difficulty, we have 
successfully set up 3D cultures with adipocytes embedded in a matrix of collagen I and Matrigel that 
maintains the unilocular structure and active functions of adipocytes in vitro (Fig. 5A). Our first 
analysis using this approach demonstrates that both the vascular stromal fractions (SVF) containing 
preadipocytes, endothelial, immune, and ASC cells as well as mature adipocytes were able to promote 
PCa cell invasion (Figs. 5B and 5C) consistent with the notion that there is in fact an interaction 
between adipocytes and PCa cells that can be recapitulated in vitro. To address how p62 regulates the 
crosstalk of the adipose tissue with tumor cells to promote carcinogenesis, we first used minced 
adipose tissue from mice of each genotype embedded in the collagen I/Matrigel matrix combined with 
PCa cells seeded on top of the gel, and evaluate the impact on prostate cell invasion. Of note, WAT 
from p62 KO mice promoted an enhanced effect on PCa cells invasion as compared to WAT from WT 
mice (Figs. 5D and 5E). To further dissect the cellular components responsible for p62-mediated role 
in PCa invasion, we separated mature adipocytes and SVF containing preadipocytes, endothelial, 
macrophages, and ASC cells, and test in organotypic cultures their contribution to the phenotype. 
Interestingly, we found that all these cellular fractions including mature adipocytes and ASCs from 
p62 KO mice produced a marked increase in PCa invasion (Figs. 5F-5K). Next, we tested the role of 
IL-6 as a critical mediator of p62 actions using this in vitro system. Notably, genetic deletion of IL-6 
abrogated the p62-mediated PCa-invasion by mature adipocytes or SVF (Figs. 5F-5I). Furthermore, 
addition of IL-6 to organotypic cultures of PCa cells alone or in the presence of stromal cells was 
sufficient to promote PCa invasion. These results indicate the critical role of IL-6 mediating p62 
actions and are fully consistent with our in vivo data (Figs. 4E-4G). 
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Figure 5. Role of p62 in the adipocyte-PCa cell interaction in vitro. (A) Schematic representation of 3D organotypic 
cultures used to study the interaction between adipose tissue and PCa cells. (B) H&E-stained sections of Myc-Cap cells 
cultured in an organotypic system in the presence of stromal vascular fraction (SVF) or mature adipocyte embedded in the 
collagen/matrigel matrix. (C) Quantification of PCa cell invasion of experiment shown in (B). (D-E). H&E staining of 
organotypic gels of Myc-Cap cells cultured in the presence of minced WAT from WT or p62 KO mice (D) and quantification 
of PCa cell invasion (E). (F-K) H&E staining of organotypic gels of Myc-Cap cells cultured in the presence of mature 
adipocytes (F), SVF (H) or ASCs (J) from the indicated genotypes and quantification of PCa cell invasion of these cultures 
(G, I-K). (L-M) H&E staining of organotypic gels of Myc-Cap cells alone or mixed with stromal cells and cultured in the 
presence or not of IL-6 (L) and quantification of PCa cell invasion (M). Results are presented as mean ± SEM. n=4. *p < 0.05, 
**p < 0.01. ***p < 0.001. ****p < 0.0001. 
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Currently, experiments are underway testing the potential role of the changes in fatty acid oxidation 
observed in PCa tumors from TRAMP+/p62Adipo mice in tumor invasion using organotypic cultures. 
We are now finishing these experiments and preparing a publication that will report all the unpublished 
data presented in this final report.  
 In addition, we have also complemented these studies with research aimed to understand how p62 
senses nutrients. These results have been recently published in the top-notch journal Cell Reports17 
(see Appendix). The ability to sense and response to fluctuation in nutrient levels is a requisite for life. 
During food abundance, nutrient sensing pathways engage anabolism and storage, whereas scarcity 
triggers homeostatic mechanisms, such as the mobilization of internal stores through autophagy. 
Importantly, nutrient-sensing pathways are commonly deregulated in human metabolic disease such as 
obesity. Central to this process is the nutrient-sensitive kinase complex mTORC1 that integrate the 
response to growth factors, energy levels and nutrients, specifically amino acids. Interestingly, we have 
found a nutrient sensing pathway that is selectively activated in response to amino acids and that is 
critical for PCa cells. We have identified a kinase cascade that is highly upregulated in PCa and that is 
essential for tumor development. Because kinases are eminently druggable targets, our findings have 
the potential to open new avenues for designing novel treatments for cancer.  
 Furthermore, we have recently published a Minireview in Cell18 on the role of p62 in cancer and 
highlighting its novel role as a tumor suppressor in the stroma. The results of this project further 
emphasize the role of p62 in the tumor microenvironment and specifically in the adipose tissue as a 
critical player in tumor progression and metastasis. These results also unveiled the cellular interactions 
that take place between obesity and cancer and advance our understanding of this complex process to 
facilitate the design of novel therapeutic strategies in this area.  
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4.  KEY RESEARCH ACCOMPLISHMENTS 

• Identification of p62 as a novel tumor suppressor in the stroma in PCa. 

• Demonstration that p62-mediated inflammation in the stroma is key for prostate tumorigenesis. 

• Identification of the inflammatory cytokine IL-6 as a major player in mediating p62 actions in the 
tumor stroma. 

• Characterization of a molecular network linking p62 to mTORC1 and c-Myc operating in the 
stroma to influence tumorigenesis in the prostate epithelium. 

• Identification of c-Myc as a novel tumor suppressor in the stroma in PCa, opposite to its role as an 
oncogene in the epithelium. 

• The use of mTORC1 inhibitors in PCa could have deleterious effect through its role in the stroma. 

• The identification of the mechanisms that reduce p62 levels in the stroma could constitute a novel 
strategy to intervene in PCa. 

• p62 deficiency in the adipose tissue expands the adipose-stem cell population. 

• p62 selective deficiency in the adipose tissue promotes a more aggressive PCa phenotype, 
providing a link between obesity and adiposity and PCa progression. 

• p62 selective deficiency in the adipose tissue changes the metastasis incidence and the tissue 
preference for metastasis. 

• Generation of a new mouse model to study cancer-associated cachexia. 

• Full metabolic characterization of mice with selective deficient of p62 in the adipose tissue and 
PCa tumors revealed a phenotype of cancer-associated cachexia. 

• Identification of a novel kinase cascade that regulates nutrient sensing to control mTORC1 
activation.  

• Novel nutrient sensing mechanism critical for PCa cell growth and autophagy. 

• The p62-kinase cascade identified is overexpressed in human PCa tumors and is required for PCa 
tumor growth.  

• p62 selective deficiency in the adipose tissue promotes a metabolic shutdown in the adipose tissue 
blocking nutrient utilization and storage in adipose tissue to make nutrients available for tumor 
growth. 

• p62 selective deficiency in the adipose tissue promotes an inflammation switch towards an M2 
macrophage phenotype in both adipose tissue and PCa tumors to favor tumor progression.  

• p62 selective deficiency in the adipose tissue impairs adipose tissue fatty acid oxidation but 
increase fatty acid oxidation in PCa tumors. The metabolic rewiring benefits tumor growth.  

 
5.  CONCLUSION 
The main conclusions from this project are: 

1) The full characterization of the prostate phenotype caused in vivo by p62 selective deficiency 
in the adipose tissue that has lead to the important conclusion that obesity drives a more 
aggressive PCa phenotype with higher incidence of metastasis. 

2) The metabolic studies at whole body level as well as a cellular level that have identified a 
cancer-associated cachexia phenotype in the obese p62 adipose-deficient mice harboring PCa 
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tumors. This opens the need to investigate not only how the adipose tissue influences the PCa 
tumor, but also how the tumor instructs and transforms the adipose tissue for its own benefit. 
p62 selective deficiency in the adipose tissue promotes a metabolic rewiring to benefit tumor 
progression. 

3) The study of the adipocyte-PCa cell link in vitro in a 3D organotypic culture that recapitulates
in vitro the interactions mediated by the tumor microenvironment. 

4) The complementary studies at understanding the molecular mechanisms how p62 senses
nutrients that have allowed the identification of a druggable kinase cascade as potential novel 
therapeutic strategies for PCa.  
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SUMMARY

The tumormicroenvironment plays a critical role in cancer progression, but the precisemechanismsbywhich
stromal cells influence the epithelium are poorly understood. Here we show that p62 levels were reduced in
the stroma of several tumors and that its loss in the tumormicroenvironment or stromal fibroblasts resulted in
increased tumorigenesis of epithelial prostate cancer cells. Themechanism involves the regulation of cellular
redox through an mTORC1/c-Myc pathway of stromal glucose and amino acid metabolism, resulting in
increased stromal IL-6 production, which is required for tumor promotion in the epithelial compartment.
Thus, p62 is an anti-inflammatory tumor suppressor that acts through the modulation of metabolism in the
tumor stroma.

INTRODUCTION

Primary tumors are initiated as a result of the stepwise acquisi-
tion of genetic alterations within the epithelial compartment
(Shen and Abate-Shen, 2010). However, increasing evidence
supports the notion that the tumor microenvironment also plays
a critical role in cancer progression in many types of neopla-
sias, including prostate cancer (PCa), although relatively little is
known about the signaling pathways that mediate communica-
tion between the stromal and epithelial compartments (Ammir-
ante et al., 2010; Erez et al., 2010; Santos et al., 2009; Trimboli
et al., 2009). Inflammation and metabolism are two critical fac-
tors contributing to the protumorigenic properties of the stroma
(DeBerardinis and Thompson, 2012; Grivennikov et al., 2010;
Hanahan and Coussens, 2012; Metallo and Vander Heiden,
2013; Vander Heiden, 2013). Although not totally understood,

some evidence suggests that the metabolic state of the tumor
stroma can decisively influence the tumorigenic potential of
the tumor epithelial compartment (Lisanti et al., 2013). Here
we have addressed this fundamental biological question in the
context of p62 deficiency in the nonepithelial tumor compart-
ment. Our laboratory initially identified p62, also known as
sequestosome-1, as a scaffold protein for the atypical protein
kinase C isozymes and later implicated p62 in other cell stress
responses (Diaz-Meco and Moscat, 2012; Moscat and Diaz-
Meco, 2012; Moscat et al., 2007; Sanchez et al., 1998). p62
binds Raptor, a key component of the mTOR-orchestrated
nutrient-sensing complex and an important activator of anabolic
pathways that are instrumental in metabolic reprogramming
during cell transformation (Duran et al., 2011; Moscat and
Diaz-Meco, 2011). Nonetheless, nothing is known about the
signaling cascades that p62 regulates in stromal cells or to

Significance

Inappropriate activation of the stroma as a consequence of the tumorigenic process can potentiate the growth and transfor-
mation of epithelial tumor cells, thus facilitating the progression of cancers toward more malignant stages. Using prostate
cancer as a model system, we show that the loss of the signaling adaptor p62 in stromal cells triggers an inflammatory
response that leads to activation of cancer-associated fibroblasts that enhances tumorigenesis in vitro and in vivo. Defi-
ciency in p62 results in reducedmTORC1activity andderegulation ofmetabolic pathways controlling inflammation.Because
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metabolic reprogramming can decisively influence the tumorigenic potential of the tumor epithelial compartment.
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what extent these pathways influence the epithelial-stromal
interaction in the tumor microenvironment. Cancer-associated
fibroblasts (CAFs) have been proposed to be key mediators of
the crosstalk between malignant tumor cells and their microen-
vironment (Barron and Rowley, 2012; Franco and Hayward,
2012). CAFs and the complex set of signaling molecules they
secrete generate an environment conducive to inflammation,
and this in turn maintains the protumorigenic status of the stro-
mal cells. Among these proteins, interleukin-1b (IL-1b), inter-
leukin-8, and interleukin-6 (IL-6) have been implicated as part
of the proinflammatory signature of the PCa stroma (Erez et al.,
2010; Franco and Hayward, 2012; Schauer et al., 2008). Further-
more, IL-6 has received increasing attention as a key proinflam-
matory and protumorigenic molecule in many types of cancer,
including PCa (Azevedo et al., 2011; De Marzo et al., 2007;
Guo et al., 2012; Schafer and Brugge, 2007). Here we address
the role of p62 in the stroma in the control of the inflammatory
environment in PCa.

RESULTS

p62 Expression Levels in the Tumor Microenvironment
The initial evidence suggesting that p62 plays a role in the regu-
lation of the tumor microenvironment in PCa came from the his-

tological analysis of a tissue panel comprising 202 primary
human PCa tumors, 8 metastases, and 22 adjacent normal
prostate tissue samples. This study revealed that p62 was ex-
pressed in the prostate epithelium and also in the stroma (Fig-
ure 1A). p62 protein levels were downregulated in the stroma
of human primary PCa tumors compared with the stroma of
normal samples (Figures 1A and 1B). Furthermore, when the tu-
mor samples were grouped on the basis of low Gleason score
(GS) (2–6) or high GS (7–10), p62 levels in the stroma were signif-
icantly reduced upon progression to the most aggressive stage
(Figure 1C). p62 was also overexpressed in the epithelial
compartment of the PCa human samples (Figure 1A; Figures
S1A and S1B available online). This is consistent with previous
observations suggesting that p62 is upregulated in many can-
cers, including lung cancer (Duran et al., 2008; Inoue et al.,
2012), liver cancer (Inami et al., 2011), glioblastoma (Galavotti
et al., 2013), breast cancer (Rolland et al., 2007; Thompson
et al., 2003), and kidney cancer (Li et al., 2013). However,
because those studies did not report on expression in the stro-
mal component, it is not clear whether p62 was downregulated
in the stroma in those samples, as we have shown in the samples
analyzed here. Moreover, bioinformatics analysis of public data
sets of stromal gene expression also demonstrated that p62
was significantly downregulated in the tumor stroma, compared

Figure 1. p62 Levels Are Reduced in the Stroma of Human Prostate Tumors
(A) Representative examples of p62 staining of normal and primary prostate cancer (tumor) samples. The scale bars represent 25 mm.

(B) Quantification of p62 staining in the stroma of primary PCa tumors compared with normal; n = 22 (normal), n = 202 (PCa). Fisher’s exact test, p < 0.01.

(C) p62 levels are reduced upon PCa progression; n = 22 (normal), n = 70 (GS 2–6), n = 132 (GS 7–10). Chi-square test, p < 0.01.

(D) p62 mRNA levels in stroma of human cancer samples. Data were collected from public data sets of gene expression in the tumor stroma of several human

cancers: GSE34312 (prostate cancer), GSE9014 (breast cancer), and GSE35602 (colon cancer).

(E) FACS-sorted adult murine prostate cell lineages. Prostate basal, luminal, and stromal cells are Lin!Sca-1+CD49fHi, Lin!Sca-1!CD49fLow, and Lin!Sca-

1+CD49f!, respectively.

(F) RT-PCR of specific markers for each prostate cell population (n = 3): p63 (basal), Nkx3.1 (luminal), and vimentin (stromal).

(G) RT-PCR for p62 in prostate cell populations (n = 3).

*p < 0.05, **p < 0.01, ***p < 0.001. Results are presented as mean ± SEM. See also Figure S1.
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with normal stroma, in several types of cancers, including pros-
tate, breast, and colon cancers (Figure 1D). In addition, fluores-
cence-activated cell sorting (FACS) analysis of adult mouse
prostates showed that p62 is more highly expressed in cells of
the stroma than in those of basal or luminal lineages (Figures
1E–1G). Quantitative RT-PCR analyses of the sorted prostate
cell populations showed that transcripts for the basal marker
p63, the luminal cell marker Nkx3.1, and the stroma marker
vimentin were enriched in their corresponding cell populations,
demonstrating successful cell fractionation (Figures 1E and
1F). Of note, p62 expression was highly enriched in the stromal
compartment compared with the other two cell populations (Fig-
ure 1G). These results suggest that p62 could exert its effect as a
tumor suppressor in the tumor microenvironment, likely in the
stroma.

p62 Is a Suppressor of Inflammation and the CAF
Phenotype in the Tumor Microenvironment
To test whether p62 deficiency in the tumor microenvironment
is relevant to the transforming properties of epithelial cells, we
performed orthotopic injections of syngeneic murine PCa cells
(TRAMP-C2Re3) (Olson et al., 2006) into the prostates of wild-
type (WT) and p62 knockout (KO) mice and then assessed tumor
growth. The resulting tumors were bigger in the prostates of p62
KO mice than in those of WT mice (Figures 2A–2C), supporting
the notion that a loss of p62 in the tumor microenvironment pro-
motes PCa growth. We next carried out transcriptomic profiling
of the orthotopic tumors in the WT and p62 KO mice. NextBio
analysis revealed important correlations between genes upregu-
lated in the p62 KO orthotopic tumors with a gene signature
in the category of ‘‘response to wounding’’ (Figure S2A). In
addition, gene set enrichment analysis (GSEA) also identified
‘‘response to wounding’’ as significantly enriched of the gene
ontology (GO) biological-process categories (Figure 2D; Figures
S2B and S2C) and ‘‘stromal stimulation’’ in the C2 curated gene
set library (Figures S2D and S2E). Because CAFs acquire an
‘‘activated phenotype’’ during tumor progression that resembles
that of fibroblasts during the wound-healing repair process,
these results suggested that the p62 KO stroma is likewise acti-
vated (Barron and Rowley, 2012; Bissell and Radisky, 2001;
Franco and Hayward, 2012; Schäfer and Werner, 2008) and
has a more CAF-like phenotype than the WT stroma. In support
of this notion, we observed an increase in the expression of a
smoothmuscle actin (a-SMA) in sections from orthotopic tumors
in p62 KO mice compared to WT controls (Figure 2E), as well as
an increase in transforming growth factor b (TGF-b) transcripts
as determined by RT-PCR in the same samples (Figure 2F).
TGF-b and a-SMA are two bona fide markers of the CAF pheno-
type (Barron and Rowley, 2012; Franco and Hayward, 2012).
Consistent with this, Ingenuity Pathway Analysis identified
TGF-b1 as a predicted upstream regulator in the p62 KO ortho-
topic tumors (p = 1.47 3 10!7, activation Z score = 3.890). To
determine the potential cell-autonomous effect of p62 in this
important function, we used FACS to isolate prostate stromal
cells from mice of both genotypes, as described in Figures 1E
and 1F. Interestingly, we found that p62-deficient stromal
cells also showed characteristics of CAFs, as determined by
increased expression levels of a-SMA, TGF-b, and vimentin (Fig-
ure 2G). To facilitate subsequent studies, we generated prostate

fibroblasts from WT and p62 KO mice and determined their
‘‘CAF activation’’ state. In these cells, the loss of p62 resulted
in increased CAF transcript markers (Figure 2H), as well as in
the secretion of TGF-b, as determined by ELISA (Figure 2I).
This is important because TGF-b is essential for the acquisition
and maintenance of the CAF/myofibroblast phenotype (Kojima
et al., 2010; Ostman and Augsten, 2009). Therefore, p62 loss
modifies the stroma by inducing a CAF phenotype, which in
turn drives tumor progression.
Further bioinformatics GSEA revealed a hyperinflammatory

phenotype in the p62 KO orthotopic tumors. That is, we found
‘‘humoral immune response’’ and ‘‘inflammatory response’’ as
second GO categories enriched in the p62 KO transcriptome
profile (Figure 2J; Figures S2F and S2G). RT-PCR analysis of
the tumors from p62 KO mice showed increases in the tran-
scripts of inflammatory cytokines such as IL-6, IL-1b, and kera-
tinocyte chemoattractant (Figure 2K), as well as in the secretion
of IL-6 as determined by ELISA (Figure 2L).We hypothesized that
IL-6 could be an important mediator of the stromal p62-depen-
dent signals that influence PCa progression in the epithelium.
To test this possibility, we carried out an orthotopic injection
experiment using p62/IL-6 double-KO (DKO) mice as hosts.
Notably, the increased tumor growth observed in p62 KO mice
was completely reversed in the DKO mice (Figures 2M and
2N), demonstrating that p62 plays a tumor-suppressive role in
the tumor microenvironment during PCa progression by inhibit-
ing CAF activation and blocking inflammation.

p62 in Stromal Fibroblasts Regulates an IL-6/TGF-b
Cascade Essential for Tumor Invasion
We next set up a 3D organotypic culture model that recapitu-
lates, in a genetically accessible system, the tumor microenvi-
ronment and its interactions with the tumor epithelial cell, closely
mimicking the physiological situation and the cellular architec-
ture (Gaggioli et al., 2007; Kim et al., 2013; Nyström et al.,
2005; Ridky et al., 2010). Because our genome-wide transcrip-
tomic analysis suggested that the loss of p62 in the tumor
microenvironment is associated with a CAF-like signature, and
because fibroblasts are a critical component of the stroma, we
next tested whether p62 KO prostate fibroblasts were able to
recapitulate the in vivo phenotype in 3D organotypic cultures.
To do this, we cocultured in this organotypic system prostate
fibroblasts from p62 KO and WT mice with TRAMP-C2Re3
PCa cells (Figure 3A). Importantly, p62 KO prostate fibroblasts
(versus WT counterparts) enhanced the invasiveness and prolif-
eration index of PCa epithelial tumor cells (Figures 3B–3D).
Similar results were obtained with other PCa cell lines, such as
mouse Myc-CaP (Figure S3A), or human PC3 cells (Figure S3B).
Mouse fibroblasts from p62 KO mice also enhanced the inva-
siveness and proliferation index of human normal prostate
epithelial cells compared with similar organotypic cultures with
WT fibroblasts (Figure S3C). Altogether, this indicates that p62
deficiency in the stromal fibroblasts has a pivotal role in medi-
ating cancer cell proliferation and invasion.
To follow up on our findings that IL-6 levels were increased in

orthotopically injected tissues and that increased IL-6 expres-
sion was associated with enhanced tumorigenicity in vivo (Fig-
ures 2K–2N), we further investigated the role of this cytokine in
the protumorigenic microenvironment created by p62 deficiency
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in the stroma. The two major sources of IL-6 in the tumor micro-
environment aremacrophages and stromal fibroblasts (Hanahan
and Coussens, 2012). Notably, 3D organotypic culture experi-

ments established that fibroblasts (Figures 3B and 3C), but
not macrophages (Figure S3D), from p62 KO mice recapitu-
lated the p62 KO phenotype in the orthotopic tissue grafting

Figure 2. IL-6 Is Required for p62’s Role in the Tumor Microenvironment
(A) Orthotopic injection of TRAMP-C2Re3 cells into the prostates of syngeneic WT and p62 KO mice. Orthotopic tumors were allowed to grow for two months.

(B and C) GU tract weight (B) and pictures (C) from (A); n = 5 or 6 mice per genotype. The scale bar represents 1 cm.

(D) ‘‘Response to wounding’’ GSEA plot of enrichment of gene expression in p62 KO orthotopic tumors.

(E) a-SMA staining of orthotopic tumors from WT and p62 KO mice. The scale bars represent 25 mm.

(F) RT-PCR of TGF-b in orthotopic tumors from WT and p62 KO mice (n = 3).

(G and H) RT-PCR of CAF markers (a-SMA, TGF-b, and vimentin) in FACS-sorted prostate stromal fraction fromWT and p62 KOmice (G) and in WT and p62 KO

prostate fibroblasts (H); n = 3.

(I) TGF-b production in prostate fibroblasts was determined by ELISA.

(J) GSEA plots of enrichment of gene expression in p62 KO orthotopic tumors.

(K) RT-PCR of inflammatory cytokines in orthotopic tumors of WT and p62 KO mice; n = 5 or 6 animals per group versus WT.

(L) IL-6 ELISA in fibroblasts.

(M andN) Orthotopic injection of TRAMP-C2Re3 cells into the prostates ofmice of different genotypes (n = 5 or 6mice). GUweights (M) and pictures (N). The scale

bar represents 1 cm.

*p < 0.05, **p < 0.01, ***p < 0.001. Results are presented as mean ± SEM. See also Figure S2.
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experiment, and this effect was abolished when p62/IL-6 DKO
fibroblasts were used in the 3D system (Figures 3E–3G). Further-
more, when TGF-b signaling was inhibited by incubating the
organotypic cultures with the TGF-b inhibitor SB431542 (Inman
et al., 2002), the protumorigenic phenotype of p62-deficient
fibroblasts was reverted, consistent with the notion that TGF-b
is important for the CAF phenotype and PCa proliferation (Fig-

ures 3H–3J). Likewise, the TGF-b inhibitor reverted the increased
invasion index of PCa cells incubated with p62-deficient fibro-
blast conditioned medium in a Boyden chamber invasion assay
(Figure 3K). Results shown in Figure S3E demonstrate the effec-
tiveness of this inhibitor to block the TGF-b pathway. Moreover,
the enhanced TGF-b production observed in the p62 KO fibro-
blasts, as well as that of a-SMA, was completely abrogated in

Figure 3. p62-Deficient Stroma-Mediated Invasion Is IL-6 and TGF-b Dependent
(A) Schematic representation of 3D organotypic cultures.

(B) H&E-stained sections of TRAMP-C2Re3 cells cultured in an organotypic system in the presence of primary prostate fibroblasts from WT and p62 KO mice.

(C and D) Quantification of PCa cell invasion (C) and proliferation index (D) of experiment shown in (B); n = 4.

(E) H&E staining of organotypic gels combining Myc-CaP cells with prostate fibroblasts from mice of different genotypes (n = 4).

(F and G) Quantification of PCa cell invasion (F) and proliferation index (G) of experiment shown in (E); n = 4.

(H) H&E staining of organotypic gels combining Myc-CaP cells with prostate fibroblasts frommice WT and p62 KOmice in the presence or absence of the TGF-b

inhibitor SB431542 (10 mM).

(I and J) PCa cell invasion quantification (I) and proliferation index (J) of (H); n = 4.

(K) Invasion index determined by modified Boyden chamber assay with conditioned media from WT and p62 KO fibroblasts in the presence or absence of

SB431542 (10 mM); n = 3.

(L and M) RT-PCR of TGF-b (L) and a-SMA (M) mRNA levels in fibroblasts of mice of different genotypes (n = 4).

(N) IL-6 production by WT and p62 KO fibroblasts in the presence or absence of the TGF-b inhibitor SB431542 (n = 4).

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Results are presented as mean ± SEM. The scale bars represent 100 mm. See also Figure S3.
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Figure 4. Metabolic Reprogramming in p62-Deficient Stroma
(A and B) Total intracellular levels of ROS in WT and p62 KO fibroblasts (A) and quantification (B); n = 4.

(C) IL-6 ELISA of WT and p62 KO fibroblasts treated with vehicle or the ROS scavenger BHA (100 mM) for 12 hr (n = 4).

(D and E) RT-PCR of NQO1 (D) and SOD1, SOD2, and FHC (E) mRNA levels in fibroblasts (n = 4).

(legend continued on next page)
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the DKO fibroblasts (Figures 3L and 3M). Consistently, the
knockdown of IL-6 in p62 KO fibroblasts impaired IL-6 secretion
and, more important, also reverted TGF-b production and PCa
invasion (Figures S3F–S3H). Furthermore, incubation of p62/
IL-6 DKO fibroblasts with exogenously added IL-6 restored
TGF-b levels to those of p62 KO cells as well as PCa invasion
(Figure S3I and S3J). All this is consistent with a cell-autonomous
role of the p62-IL-6 axis in the control of the CAF phenotype.
However, incubation of p62 KO fibroblasts with the TGF-b
signaling inhibitor SB431542 did not affect the overproduction
of IL-6 in p62 KO fibroblasts (Figure 3N). These are important
observations that establish a sequential p62/IL-6/TGF-b axis in
the tumor fibroblastic compartment contributing to the control
of epithelial tumorigenesis during PCa progression.

p62Controls IL-6 Levels by RepressingReactiveOxygen
Species Production through Metabolic Reprogramming
We next sought to determine how p62 controls IL-6 production
in fibroblastic stromal cells and whether the mechanisms medi-
ating IL-6 production are relevant to stroma-driven tumorigen-
esis. It should be noted that p62 KO fibroblasts have increased
levels of reactive oxygen species (ROS) (Figures 4A and 4B)
and that the inhibition of ROS production (by the ROS scavenger
butylated hydroxyanisole [BHA]) completely reverts the IL-6
hyperproduction phenotype (Figure 4C). This indicates that the
mechanism whereby p62 represses IL-6 production in fibro-
blasts involves the control of ROS levels. It has previously
been reported that p62 can activate NF-kB and NRF2 (Duran
et al., 2008; Komatsu et al., 2010; Moscat and Diaz-Meco,
2009), which suggests that these molecules could play a role
in the ability of p62 to repress ROS production and the subse-
quent activation of IL-6. The expression of critical detoxifying
NF-kB- or NRF2-dependent genes (Figures 4D and 4E), as well
as the levels of the NRF2 inhibitor Keap1 (Figure 4F), was not
affected by the loss of p62 in fibroblasts. However, we found
that p62 KO fibroblasts displayed lower levels of reduced gluta-
thione (GSH) than the WT controls (Figure 4G). These are impor-
tant observations because GSH is central to the control of ROS
levels. In fact, treatment of p62 KO fibroblasts with the GSH
analog GSH-reduced ethyl ester (GEE) reduced IL-6 to levels
comparable with those of WT fibroblasts (Figure 4H). These
results demonstrate that the loss of p62 results in lower GSH
levels, thus promoting ROS accumulation, which is required for
IL-6 overproduction in p62-deficient fibroblasts.
We observed a striking decrease in the reduced nicotinamide

adenine dinucleotide phosphate (NADPH)/nicotinamide adenine
dinucleotide phosphate (NADP) ratio in p62-deficient fibroblasts

(Figure 4I). This ratio provides additional information on the
cellular redox status, as the relative concentration of GSH versus
oxidized GSH depends on the cellular content of NADPH. Glyco-
lytic metabolism plays a critical role in maintaining NADPH
production through the oxidative pentose phosphate pathway
(PPP) (Figure 4J, yellow shading). Indeed, p62 KO cells exhibited
decreased glucose uptake and lactate secretion (Figure 4K). This
reduction in glycolytic rate resulted in decreased flux through the
oxidative PPP, as determined by stable isotope tracing with
[1,2-13C2]glucose (Figure 4L). These metabolic changes corre-
lated with a reduction in GLUT1 levels in p62-deficient fibro-
blasts (Figure 4M), providing evidence that transcriptional
changes associated with p62 loss influence metabolic flux.
Amino acids are critical for the production of GSH, a peptide

composed of glutamate, cysteine, and glycine (Figure 4J, pink
shading). Glutamine serves as an important precursor for gluta-
mate, and loss of p62 in fibroblasts leads to lower glutamine con-
sumption compared withWT cells (Figure 4K). We also observed
a decrease in the direct conversion of [U-13C5] glutamine to
glutamate in p62 KO fibroblasts, with a relative increase in the
fraction of glutamate derived from [1,2-13C2]glucose (Figure 4N).
In good agreement with these changes in glutaminemetabolism,
we observed reduced levels of the glutamine transporters
SLC7A5 and SLC1A5, as well as glutaminase-1 (GLS1) (Fig-
ure 4O), a critical enzyme in the pathway that catalyzes the con-
version of glutamine into glutamate (Figure 4J). Consistent with
reduced levels of GSH, p62 KO fibroblasts also exhibit a dra-
matic reduction in the levels of SLC7A11, the xCT cystine/gluta-
mate antiporter, which is the major driver of cystine uptake, a
critical and rate-limiting step in the synthesis of GSH in several
cell types, including fibroblasts (Figure 4P) (Bannai and Tateishi,
1986; Gout et al., 1997). Finally, we observed significant
decreases in labeling of both serine and glycine from [1,2-13C2]
glucose (Figure 4Q). Serine serves as a precursor to glycine
and cysteine (when synthesized from methionine), so this
decrease in label transfer provides evidence that there is less
demand for GSH synthesis in p62-deficient cells. These results
collectively demonstrate that loss of p62 in fibroblasts influences
metabolic pathways controlling cellular redox, including NADPH
production in the PPP and GSH synthesis.

p62 Is a Critical Regulator of c-Myc Levels
Previous data from other laboratories have established the crit-
ical role of c-Myc in the regulation of glutamine andglucosemeta-
bolism (Dang, 2012). We found significantly reduced levels of
c-Myc in p62 KO fibroblasts as well as in WT fibroblasts in which
p62 has been knocked down by small hairpin RNA (shRNA)

(F) Immunoblot analysis of KEAP1 in cell lysates from WT and p62 KO fibroblasts. Results are representative of three experiments.

(G) Cellular GSH levels in WT and p62 KO fibroblasts (n = 4).

(H) IL-6 ELISA of fibroblasts treated with increasing concentrations of the GSH analog GEE (n = 4).

(I) Cellular NADPH/NADP levels in WT and p62 KO fibroblasts (n = 4).

(J) Metabolic scheme depicting biosynthetic routes to NAPDH (yellow shading) and GSH (pink shading) from glucose and glutamine.

(K) Glucose consumption, lactate secretion, and glutamine consumption rates determined by spent medium analysis from WT and p62 KO fibroblasts (n = 3).

(L) PPP flux estimates from metabolic flux analysis in WT and p62 KO fibroblast cultures labeled with [1,2-13C2]glucose (n = 3).

(M) RT-PCR of GLUT1 mRNA (n = 4).

(N) Glutamate labeling inWT andp62KOfibroblasts grown in either [1,2-13C2]glucose and unlabeled glutamine or [U-13C5]glutamine and unlabeled glucose (n = 3).

(O and P) RT-PCR of SLC7A5, SLC1A5, and GLS1 (O) and SLC7A11 (P) mRNA levels in WT and p62 KO fibroblasts (n = 3).

(Q) Labeling of serine and glycine from [1,213C2]glucose (n = 3).

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Results are presented as mean ± SEM.
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Figure 5. c-Myc-Mediated Metabolism in p62-Deficient Stroma
(A–C) Immunoblot analysis of c-Myc levels in WT and p62 KO fibroblasts (A), in WT fibroblasts lentivirally infected with shRNA nontargeted control (shNT) or

shRNA specific for p62 (shp62) (B), and in p62 KO fibroblasts retrovirally infected with control vector (control) or with c-Myc expression vector (c-Myc) (C). Results

are representative of three experiments.

(D) IL-6 ELISA in control and c-Myc cells (n = 4) as in (C).

(E) RT-PCR of SLC7A5, SLC1A5, and GLS1 mRNA in control and c-Myc cells (n = 3).

(F) Intracellular GSH levels in control and c-Myc cells (n = 3).

(G) Immunoblot analysis of c-Myc and p-STAT3 in WT fibroblasts infected with shNT or shRNA for c-Myc (shMyc).

(legend continued on next page)
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(Figures 5A and 5B) and reductions in the levels of the key gluta-
mine transporters SLC7A5 and SLC1A5, and GLS1 (Figure 4O),
which are targets of c-Myc (Dang, 2012). Interestingly, ectopic
expression of c-Myc in p62 KO fibroblasts (Figure 5C) reverted
the p62-deficient phenotype in terms of IL-6 production (Fig-
ure 5D) and the levels of glutamine transporters and GLS1 (Fig-
ure 5E) and GSH (Figure 5F). On the contrary, c-Myc knockdown
in WT fibroblasts (Figure 5G) resulted in increased IL-6 produc-
tion at the mRNA and protein levels (Figures 5H and 5I). c-Myc
knockdown in fibroblasts led to decreased levels of GSH (Fig-
ure 5J), as well as enhanced PCa cell invasion and proliferation
in organotypic cell cultures (Figures 5K–5M). Also, the knock-
down of c-Myc in fibroblasts resulted in increased PCa cell inva-
sion index in a Boyden chamber assay (Figure 5N). Of note, this
cause-and-effect correlation between p62 deficiency, c-Myc
expression, and IL-6 productionwas also found in FACS-isolated
prostate stromal cells from WT and p62 KO mice (Figure 5O).
Collectively these results demonstrate that p62 repression of
c-Myc expression in the stroma fibroblasts accounts for its tumor
suppressive role in PCa.

IL-6 Is Regulated by a p62/mTORC1/c-Myc Cascade
Consistent with previously published observation (Duran et al.,
2011), we found that p62 KO cells displayed reduced mTORC1
activity (Figure 5P). We hypothesized that the reduction in
c-Myc levels found in p62 KO fibroblasts could be the conse-
quence of mTORC1 inhibition. Importantly, we rescued c-Myc
inhibition in p62 KO fibroblasts by expressing a permanently
active mutant of the small-guanosine triphosphatase RagB,
which is a critical activator of mTORC1 (Figure 5Q). IL-6 levels
were likewise reduced under these conditions (Figure 5R). These
results demonstrate that reduced mTORC1 activity in p62 KO
fibroblasts accounts for the low levels of c-Myc and the subse-
quent increase in IL-6 production in these mutant cells. Treat-
ment of WT fibroblasts with rapamycin or Torin, two different
inhibitors of mTORC1, effectively reduced c-Myc levels (Figures
5S and 5T), promoting a significant reduction in GSH levels
(Figure 5U) and a concomitant increase in IL-6 production (Fig-
ure 5V). Therefore, p62’s ability to regulate mTORC1 in the
stroma is essential for its control of the c-Myc/GSH/IL-6 axis.

p62 KO Mice Develop Prostate Hyperplasia and
Prostatic Intraepithelial Neoplasia upon Aging
On the basis of these results, we hypothesized that the loss of
p62 at an organismal level, which would include both the pros-

tate stroma and epithelium, might be sufficient to drive prostate
epithelium toward neoplasia. We characterized the prostates of
p62 KO mice by histological analysis, which revealed no abnor-
malities in development ormorphology at early stages. However,
at 9 months of age, prostates from p62 KO mice developed
hyperplasia, with a concomitant increase in Ki67 staining (Fig-
ures 6A and 6B). These lesions progressed to prostatic intraepi-
thelial neoplasia (PIN) at 1 year of age (Figure 6C). This indicated
that, whereas in xenograft experiments PCa epithelial cells with
reduced p62 displayed inhibited tumorigenesis (Duran et al.,
2011), the total loss of p62 in vivo promoted prostate epithelial
cell growth. These observations are in good agreement with
our model whereby p62 in the stromal fibroblasts normally acts
as a tumor suppressor, and the total KO of p62 results in p62-
deficient stromal fibroblasts that drive the prostate epithelium
to a malignancy-prone state. To further test this hypothesis,
we crossed total p62 KO mice with two well-established mouse
models of PCa (PTEN+/! and TRAMP+) (Di Cristofano et al.,
1998; Greenberg et al., 1995) and asked whether total ablation
of p62 inhibited or promoted prostate tumor development. Fig-
ures 6D and 6E show hematoxylin and eosin (H&E) analyses of
PTEN+/!/p62 KO prostrates demonstrating an increase in the
percentage of glandswith high-grade PIN at the age of 6months.
Furthermore, TRAMP+/p62 KO mice had reduced survival (Fig-
ure 6F), increased percentages of poorly differentiated adeno-
carcinoma (Figure 6G) and neuroendocrine tumors (Figure 6H),
as well as a larger number of metastases (Figure 6I), of which
a higher percentage were in the liver (Figure 6J). Consistent
with our model, prostate fibroblasts from PTEN+/!/p62 KO
mice showed increased IL-6 and reduced c-Myc expression
compared with those from p62-proficent PTEN+/! mice (Figures
S4A–S4C). Interestingly, immunohistochemical analysis of
prostates from PTEN+/! mice confirmed reduced expression of
p62 in the stromal compartment compared with those from WT
mice (Figure S4D). To further support the role of p62 deficiency
in the stroma in driving tumorigenesis in vivo, we coinjected syn-
geneic PCa cells (TRAMP-C2Re3) with WT or p62 KO fibroblasts
and assessed the effect that fibroblasts exert on tumor growth.
Tumors coinjected with p62 KO fibroblasts grew significantly
faster andwere larger than tumors inmice injectedwithWT fibro-
blasts, consistent with the cell-autonomous tumor-promoting
activity of p62-deficient fibroblasts on epithelial PCa cells (Fig-
ures 6K and 6L). In agreement with this, bromodeoxyuridine
(BrdU) incorporation was increased in the p62 KO fibroblast-
driven tumors (Figures 6M and 6N).

(H and I) RT-PCR of IL-6 mRNA (H) and IL-6 ELISA (I) in the same cells (n = 3) as in (G).

(J) Quantification of intracellular GSH levels in WT shNT and shMyc cells (n = 3).

(K) H&E-stained organotypic gels of TRAMP-C2Re3 cells with shNT or shMyc fibroblasts. The scale bar represents 100 mm.

(L and M) Quantification of PCa cell invasion (L) and proliferation index (M) of experiment shown in (K).

(N) Invasion index determined by modified Boyden chamber assay of Myc-CaP cells cocultured with shNT and shMyc fibroblasts.

(O) RT-PCR of c-Myc and IL-6 mRNA levels in FACS-isolated prostate stromal cells from WT and p62 KO mice (n = 3).

(P) Immunoblot analysis with the indicated antibodies of cell lysates of WT and p62 KO fibroblasts.

(Q) Immunoblot analysis for the specified proteins of cell lysates from p62 KO fibroblasts retrovirally infected with control vector (control) or FLAG-RagBGTP

expression vector (RagBGTP). Results are representative of three experiments.

(R) IL-6 ELISA (n = 3) in cells shown in (Q).

(S and T) Immunoblot analysis of c-Myc and p-S6K in fibroblasts treated with rapamycin (S) or Torin1 (T) for 12 hr.

(U) Intracellular GSH levels in fibroblasts treated with Torin1.

(V) IL-6 ELISA in fibroblasts treated with Torin1 (n = 3).

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Results are presented as mean ± SEM.
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Figure 6. p62 Deficiency Accelerates Prostate Tumor Progression in Different Mouse Models of Prostate Cancer
(A) Hyperplasia in the prostatic anterior lobe of p62 KO mice. H&E and Ki67 staining of prostates from 9-month-old WT and p62 KO mice (n = 5).

(B) Quantification of Ki67-positive cells in the prostate sections shown in (A). Results are the means ± SD of counts from 10 different fields per mouse (n = 5).

(C) PIN in the dorsolateral lobes of prostates from 12-month-old p62 KO mice.

(D) Representative examples of H&E staining of dorsolateral lobes of prostates from PTEN+/! and PTEN+/!/p62 KO mice at 6 months of age (n = 5).

(E) Percentage of glands with HG-PIN (n = 5 mice).

(F) Kaplan-Meier survival curve of TRAMP+ mice (n = 10), compared with TRAMP+/p62 KO mice (n = 15).

(G) Representative H&E staining of mouse prostate sections from TRAMP+ and TRAMP+/p62 KO mice (n = 10).

(H) Incidence of neuroendocrine tumors in TRAMP+ (n = 12) and TRAMP+/p62 KO mice (n = 19).

(I and J) Incidence of metastasis (I) and liver metastasis (J) in TRAMP+ compared with TRAMP+/p62 KO mice.

(K–M) Coinjection of syngeneic TRAMPC2-Re3 PCa cells with either WT or p62 KO fibroblasts in C57BL/6 mice. (K) Tumor volume assessed at different time

points after injection (n = 7 mice). (L) Tumor weight at 6 weeks after injection (n = 7 mice). (M) BrdU staining in tumor sections.

(N) Quantification of BrdU positive cells of (M).

Results are presented as mean ± SEM (n = 10). *p < 0.05, ****p < 0.001. The scale bars represent 25 mm. See also Figure S4.
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p62/mTORC1/c-Myc Connection in Human Cancer
Stroma
To determine whether the identified link between p62 and c-Myc
through mTORC1 has relevance to the role of the stroma in hu-
man cancer, we used bioinformatics to analyze c-Myc transcript
levels in two sets of human gene-expression arrays from pros-
tate and breast cancer stroma. Stroma of human tumors
displayed reduced levels of c-Myc (Figure 7A), and there was
a statistically significant correlation between c-Myc and p62
expression in tumor stroma (Figure 7B), emphasizing the clinical
relevance of the p62-Myc connection in the stroma. To further
explore the link between p62 and mTORC1 in the tumor stroma
of human cancers, we identified expression neighbors of p62.
We developed this gene signature by using the human cancer
stroma data set shown in Figure 7A, in which we classified
tumors on the basis of p62 expression levels and selected for
analysis only those samples in the top and bottom 25%. Interest-
ingly, this analysis revealed a statistically significant correlation
between p62 expression and that of genes previously reported
to be controlled by mTORC1 activity (Figure 7C; Figure S5)

(Peña-Llopis et al., 2011). We determined the expression levels
of a selection of these genes by RT-PCR and found that their
expression was reduced in p62 KO fibroblasts compared with
WT (Figure 7D). The same results were obtained when these
were analyzed in prostate stromal cell preparations from p62
KO and WT mice (Figure 7E). Furthermore, we found a clear sta-
tistically significant correlation between p62 expression and that
of these genes in human cancer stroma (Figures S5B–S5H). Alto-
gether, these results demonstrate that the p62/mTORC1/c-Myc
connection is not only relevant in the mouse prostate stroma but
it is also important in human cancer stroma.

DISCUSSION

Tumorigenesis is a slow process that is initiated by the succes-
sive accumulation of genetic and epigenetic changes that result
in the activation of cell growth and survival genes and the inacti-
vation of tumor suppressors (Hanahan and Weinberg, 2011).
However, for tumor development to take place, initiation is not
sufficient. Other signals are required to drive tumor promotion

Figure 7. The p62-Myc-mTORC1 Cassette Is Downregulated in Prostate Tumor-Associated Stroma in Human Samples
(A) Myc levels are downregulated in the tumor stroma of human tissue samples. Data were collated from public data sets of gene expression in tumor stroma in

several human cancers: GSE34312 (prostate cancer) and GSE9014 (breast cancer). The p value, fold change of expression, and size of the sample (n) for each

study are indicated in the corresponding panels.

(B) Positive correlation between p62 and Myc levels in the stroma.

(C) Heatmap of mTORC1 signature selected from p62 neighboring genes in human stroma. p62 levels are indicated as SQSTM1.

(D and E) RT-PCR analysis of mTORC1 genes in WT and p62 KO fibroblasts (D) and in FACS sorted mouse prostate stromal fraction (E).

*p < 0.05, **p < 0.01, ***p < 0.001. Results are presented as mean ± SEM (n = 3). See also Figure S5.
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and progression and the development of the fully malignant
stage. The progression phase is most likely orchestrated via
the tumor microenvironment by nonepithelial cells in which
metabolic stress and inflammation create an environment in
which epithelial tumor-derived cells propagate and acquire
more aggressive phenotypes (Hanahan and Coussens, 2012;
Hanahan and Weinberg, 2011). Immune cells, such as tumor-
associated macrophages, are among the cell types in the tumor
microenvironment that contribute to inflammation (Coussens
and Werb, 2002; Johansson et al., 2008). On the other hand, a
crosstalk between metabolic pathways in the stromal and
epithelial compartments of the tumor may drive the survival
and growth of epithelial cancer cells (Lisanti et al., 2013). How-
ever, it has not been thoroughly investigated whether metabolic
reprogramming in the stromal cells of the tumor microenviron-
ment exerts any control over inflammation and the malignant
characteristics of the transformed epithelium.

Here we demonstrate that the inactivation of mTORC1 in p62-
deficient stromal fibroblasts results in metabolic reprogramming
through c-Myc inactivation (Figure 8). This reprogramming leads
to increased levels of IL-6, which promotes epithelial cell
invasion and proliferation. Therefore, because of its regulation
of mTORC1, p62 emerges as a tumor suppressor that acts by
regulating c-Myc and thus inducing an inflammatory response.
These results are in marked contrast to the role played by p62
and mTORC1 in epithelial cancer cells. That is, we have recently
demonstrated that p62 inactivation in PCa and lung adenocarci-
noma epithelial cells inhibits the proliferation and tumorigenic
properties of these cells and correlates with decreasedmTORC1
activation. Moreover, the increased IL-6 phenotype can be re-
verted by expression of a permanently active mutant of the
mTORC1 activator RagB. This has important implications from
a therapeutic point of view because inhibition of p62 and/or

mTORC1 may result in opposite effects in the stroma and
the epithelium of the tumor, thus reducing the efficacy of broadly
applied mTORC1-based chemotherapeutic approaches. In
this regard, these results are reminiscent of the dual role that
mTORC1 might play as a regulator of autophagy, which can
have a tumor-suppressing or a tumor-promoting effect, depend-
ing of the stage of the tumor (Guo et al., 2013; Levine and
Kroemer, 2008), and also on whether the manipulation takes
place in the epithelium or in the stroma (Lisanti et al., 2013).
Our data using KO mice clearly reveal that p62 deficiency cre-
ates a protumorigenic environment for p62-proficient PCa cells
in orthotopic experiments and also show that, even under normal
conditions, it drives PIN formation in the endogenous epithelium
in the absence of any other induced mutations. Furthermore, in
two PCa models, the lack of p62 at an organismal level results
in increased tumorigenesis, despite the fact that p62 is absent
not only in the stroma but also in the transformed epithelium.
These results are very important because they demonstrate
that even though p62 is required for epithelial cancer cells to pro-
liferate in vitro and in xenografts (Duran et al., 2011), the p62-
deficient tumor microenvironment overrides the requirement
for p62 in the epithelium. Our in vitro and in vivo findings establish
that increased IL-6 levels generated by stromal fibroblasts are a
critical event in that process. Therefore, it can be predicted that
total ablation of p62 at an organismal level, either genetically or
pharmacologically, may increase tumorigenesis, rather than in-
hibiting it, depending on the contribution of the stroma and the
ability of p62 deficiency to reprogram stromal metabolism to
generate ROS and inflammation. Our data shown here demon-
strate that this is the case in prostate tumorigenesis and suggest
that it could be a relevant mechanism in other tumor types as
well. The proinflammatorymicroenvironment in the p62-deficient
stroma results in a CAF-activated phenotype that is maintained
by stromal TGF-b production. This is consistent with previous
results in colon cancer demonstrating that a TGF-b-activated
tumor microenvironment is critical for fully aggressive cancer
cells to metastasize (Calon et al., 2012).
Metabolic reprogramming in cancer is emerging as a central

process in tumor cell survival and growth (DeBerardinis and
Thompson, 2012; Metallo and Vander Heiden, 2013; Vander Hei-
den, 2013). The so-called Warburg effect supports the impor-
tance of an atypical glucose metabolism tailored to the cancer
cell’s need for efficient anabolic utilization of nutrients (Vander
Heiden et al., 2009). More recently, different types of reprogram-
ming events have been unveiled that constitute specific re-
sponses of the tumor cell to a nutrient-deficient environment.
These include the metabolism of serine or the utilization of the
PPP to alleviate oxidative stress conditions during tumorigenesis
(Locasale, 2013; Ma et al., 2013; Possemato et al., 2011; Vander
Heiden et al., 2010). In the current study, we show that metabolic
reprogramming triggered by p62 deficiency in the tumor stroma
is critical for the creation of a protumorigenic inflammatory envi-
ronment driven by IL-6. Moreover, we have shown that this in-
volves an mTORC1/c-Myc/ROS cascade that is controlled by
p62. In this regard, previous results from our and other labora-
tories have shown that p62 represses ROS by inducing the acti-
vation of NF-kB- or NRF2-dependent detoxifying molecules
(Duran et al., 2008; Komatsu et al., 2010; Ling et al., 2012). Sur-
prisingly, neither of these two transcription factors nor Keap1

Figure 8. Stromal Activation by p62 Deficiency in Cancer
Tumor epithelium promotes the downregulation of p62 in stromal fibroblasts,

leading to reduced mTORC1 activity and c-Myc expression, which results

in impaired metabolic detoxification and the subsequent release of ROS and

IL-6. An autocrine pathway promotes TGF-b and the induction of CAF

phenotype, which further increases epithelial invasion and tumorigenesis.
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levels were affected in p62-deficient stromal fibroblasts, indi-
cating that p62 may use diverse cascades in different cellular
compartments of the tumor. Interestingly, our previous data
demonstrate that under conditions of Ras-induced transforma-
tion, p62 deficiency leads to increased cell death and reduced
tumorigenesis due to enhanced ROS production (Duran et al.,
2008). In contrast, we show here that the enhanced ROS
observed in the untransformed stromal fibroblasts does not
result in increased cell death but rather in the creation of a proin-
flammatory phenotype. The main conclusion of these results is
that increased ROS production induced by p62 deficiency has
different outcomes depending on the cell type and the mecha-
nisms whereby ROS is produced. The outcome also depends
on whether or not the levels of ROS are high enough to engage
a c-Jun N-terminal kinase-driven cell-death pathway, as found
in the Ras-tumor cell, as opposed to increased IL-6 production
and a protumorigenic effect on epithelial cells, as we demon-
strated in the stromal nontransformed fibroblasts.
Importantly, we were able to show that the implication of the

p62/mTORC1/c-Myc cascade is relevant not only in mouse
model systems but also in human samples, in which this pathway
is inactivated in the tumor stroma. Therefore, our findings sup-
port amore comprehensive approachwhen devising therapeutic
strategies in cancer, which should take into account not only the
altered pathways in the transformed epithelial compartment
but also how the inhibition of these cascades might affect the
surrounding stroma. Our observations suggest that pharmaco-
logical inhibition of IL-6 and/or TGF-b to target stromal activa-
tion could be beneficial in combination with epithelial-targeted
therapies.

EXPERIMENTAL PROCEDURES

Mice
WT, p62 KO, PTEN+/!, and TRAMP+ mice were previously described (Durán

et al., 2004; Di Cristofano et al., 1998; Greenberg et al., 1995). All mouse strains

were generated in a C57BL/6 background. All mice were born and maintained

under pathogen-free conditions. All genotyping was done by PCR. Mice were

sacrificed and genitourinary (GU) sections were dissected. Mice were injected

with 5-bromo-20-deoxyuridine intraperitoneally and sacrificed 2 hr after injec-

tion. Animal handling and experimental procedures conformed to institutional

guidelines (Sanford-Burnham Medical Research Institute Institutional Animal

Care and Use Committee).

Cell Lysis and Western Immunoblotting
Cells were rinsed once with ice-cold PBS and lysed in radioimmunoprecipita-

tion assay buffer (1 3 PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate,

0.1% SDS, 1 mM phenyl methyl sulfonyl fluoride, and protease inhibitors).

Cell extracts were denatured, subjected to 8% to 14%SDS-PAGE, transferred

to nitrocellulose-enhanced chemiluminescence membranes (GE Healthcare),

and immunoblotted with the specific antibodies. Chemiluminescence was

used to detect the proteins (Thermo Scientific).

Statistical Analysis
Significant differences between groups were determined using Student’s

t test. Scoring of immunostaining of human prostate tissue microarrays was

analyzed using Fisher’s exact test. The significance level for statistical testing

was set at p < 0.05.
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blast activation protein inhibits tumor stromagenesis and growth in mice.

J. Clin. Invest. 119, 3613–3625.

Cancer Cell

Metabolic Suppressor Role of p62 in Stroma

134 Cancer Cell 26, 121–135, July 14, 2014 ª2014 Elsevier Inc.



Schafer, Z.T., and Brugge, J.S. (2007). IL-6 involvement in epithelial cancers.

J. Clin. Invest. 117, 3660–3663.
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Supplemental Data 
 

 

 

Figure S1, related to Figure 1. p62 is overexpressed in the epithelium of human prostate 

tumors. 

(A) p62 levels are increased in the epithelium of primary PCa tumors as compared to normal 

samples, and (B) are upregulated upon PCa progression. Analysis of TMA of Figure 1A. The H-

score, the staining intensity of p62 in epithelium x the proportion of cells with the observed 

intensity, was used to grade p62 expression levels in each sample. Students t test (*p < 0.05,**p 

< 0.01).  
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Figure S2, related to Figure 2. p62 deficiency in the stroma promotes a CAF and an 

inflammatory phenotype. 

(A) Genes differentially expressed between orthotopic tumors from WT and p62 KO mice were 

subjected to NextBio analysis to identify biosets that contain similar genes. Venn diagrams 

show the number of common and unique genes in both sets. (B and C) Differentially expressed 

genes in orthotopic tumors from p62 KO mice analyzed by GSEA against C5 biological 

processes of the MSigDB database. (B) The top-ranked twenty gene sets enriched in p62 KO 

tumors are shown. (C) Leading edge genes of the “response to wounding” gene set. (D and E) 

Differentially expressed genes in orthotopic tumors from p62 KO mice analyzed by GSEA 

against C2 curated gene sets of the MSigDB database. (D) GSEA plot of the selected “stromal 

stimulation” gene set. (E) Leading edge genes of gene set of D. (F and G) Leading edge genes 

of selected gene sets enriched in p62 KO tumors from analysis shown in (B).  
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Figure S3, related to Figure 3. Loss of p62 in the prostate stroma promotes 

tumorigenesis in the prostate epithelium.  

(A-C) H&E-stained organotypic cultures of different type of PCa cells: Myc-CaP (A), PC3 (B) 

and PNT2 (C) combined with fibroblasts from WT and p62 KO mice. Right panels show 

quantification of PCa cell invasion and proliferation of the organotypic experiments. (D) H&E-

stained organotypic cultures of Myc-CaP cells with macrophages from WT and p62 KO mice. 

Right panels show quantification of PCa cell invasion and proliferation of the organotypic 

experiments. (E) The TGF� inhibitor SB431542 effectively blocks TGF� signaling as determined 

by immunoblot with pSMAD2. (F-H) Selective knockdown of IL-6 in p62 KO fibroblasts reverted 

increased IL-6 (F) and TGF� (G) production as determined by ELISA, as well as PCa invasion 

as determined by modified Boyden chamber assay (H). (I) Addition of IL-6 to p62/IL-6 DKO 

fibroblasts restored TGF�  levels. IL-6 was added for 48 hr and TGF� mRNA levels were 

determined by RT-PCR. (J) PCa invasion determined by modified Boyden chamber assay in 

fibroblasts from the different genotypes. IL-6 was exogenously added to p62/IL-6 DKO 

fibroblasts. Data are means ± SEM (n = 4). *p < 0.05, **p < 0.01. ***p < 0.001, ****p < 0.0001. 

Scale bars, 100 µm. 
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Figure S4, related to Figure 6. p62 role in prostate stroma of PTEN+/- mice. 

(A-C) IL-6 ELISA (A) and RT-PCR of IL-6 (B) and c-Myc (C) in prostate stromal cells from 

PTEN+/- and PTEN+/-/p62 KO mice (n = 6). (D) p62 levels are downregulated in the prostate 

stroma of PTEN+/- mice. Immunostaining of p62 (green) and DAPI (blue) were performed in 

prostate sections of WT and PTEN+/- mice of 9 months of age (n = 4). **p < 0.01, ****p <  

0.0001. Scale bar, 25 µm. Results are presented as means ± SEM. 
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Figure S5, Related to Figure 7. p62 signature in human stroma.  

(A) Heat map of the top 25 genes differentially expressed (FDR > 0.0002 and fold > 1.5) in the 

top 25% versus the bottom 25% of human stroma samples ranked by p62 expression levels. 

Expression data were extracted from the GSE9014 dataset. Blue and red in the heatmap 

indicate genes that are underexpressed or overexpressed, respectively. (B-H) A positive 

significant correlation of gene expression between p62 and ATPV0E (B), VPS16 (C), VAPB (D), 

RSP3 (E), RPL9 (F), LAPTM5 (G), and eIF4E (H) is shown for human stromal samples from the 

GSE9014 dataset. 
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Supplemental Experimental Procedures 
 
Materials 

Reagents were obtained from the following sources: Antibodies to KEAP1, actin, and HRP-

labeled anti-mouse were from Santa Cruz Biotechnology. Antibodies to phospho-T389 S6K1, 

phospho-T37/46 4EBP1, phospho-Smad2-S465/467, HRP-labeled anti-rabbit secondary 

antibody and rapamycin were from Cell Signaling Technology. Antibody to Ki-67 was from 

ThermoScientific. Antibody to BrdU was from Millipore. Antibody to c-Myc [Y69] was from 

Abcam. Collagen, Matrigel, invasion chambers, NuSerum and antibody to human p62 were from 

BD biosciences; Antibody to murine p62 was from ThermoScientific. TGF  and murine IL-6 was 

obtained from PeproTech. FLAG antibody, Butylated hydroxyanisole (BHA), Gluthatione Ethyl 

Ester (GEE), torin1, testosterone, methanol, chloroform, norvaline, 5-bromo-2’-deoxyuridine, 

and the glutathione assay kit were from Sigma Aldrich. TGF  inhibitor, SB431542 was from 

StemRD. DMEM and fetal bovine serum were from Hyclone; X-tremeGENE and Dnase were 

from Roche. OneComp ebeads, antibodies CD31-FITC (clone 390), CD45-FITC (clone 30-F11), 

Ter119-FITC (clone TER-119), Sca-1-APC (clone D7), CD49f-PE (clone eBioGoH3), and TGF 

beta ELISA Ready-SET-GO were from eBioscience. SMA was from DAKO. Trypsin, Insulin 

and collagenase were from Gibco. Crystal violet and 10% formalin were from Fisher Scientific. 

RNeasy RNA extraction kit was from Qiagen. High-Capacity cDNA reverse transcription kit was 

from Applied Biosystems. iTaq Universal SYBR green supermix was from Biorad. 

NADP/NADPH quantification colorimetric kit was from Biovision. CM-H2DCFDA was from 

Molecular Probes. Alexa Fluor 488 tyramide signal amplification kit was from Life Technologies. 

 

Cell Culture 

HEK293T and PC-3 were from American Type Culture Collection (ATCC). PNT2 was obtained 

from Sigma. The Myc-CaP cell line was a generous gift from Dr. Charles Sawyers.  
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WT and p62 KO stromal prostate fibroblasts were isolated from mouse prostate, as described 

previously (Tuxhorn et al., 2002). Murine TRAMP-C2Re3 cells were previously described (Olson 

et al., 2006). Stromal prostate fibroblast cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 5% (vol/vol) fetal bovine serum (FBS), 5% (vol/vol) 

NuSerum IV, 1% glutamine, 1% penicillin-streptomycin, 0.01 μM testosterone, and 25 μg ml−1 of 

insulin, in an atmosphere of 95% air and 5% CO2 at 37°C. Cells were stimulated with inhibitors 

(rapamycin, 100 nM; torin1, 100 nM; SB431542, 10 M) or antioxidants (BHA [100 M] a nd 

GEE [0, 2.5, 5.0, 10 mM]) for 12 h.  

 

Mammalian Lentiviral shRNAs and Retroviral Transduction  

pWZL-Hygro (Addgene plasmid 18750, donated by Scott, L), pWZL-Blast-Myc (Addgene, 

plasmid 10674) (Boehm et al., 2005), FLAG pLJM1 RagB 99L (Addgene, plasmid 19315) 

(Sancak et al., 2008), TRC lentiviral shRNA targeting murine c-Myc  (TRCN0000234923) was 

obtained from Sigma Aldrich. TRC lentiviral shRNA targeting murine IL-6 (TRCN0000067548) 

was obtained from OpenBioSystems, Thermo Scientific. Actively growing HEK293T cells were 

co-transfected with shRNA-encoding plasmids, psPAX2 (Addgene, plasmid 12260) and 

pMD2.G (Addgene, plasmid 12259) packaging plasmids using X-tremeGENE transfection 

reagent. For retroviruses, pWZL-encoding plasmids were transfected into actively growing 

Phoenix cells with X-tremeGENE transfection reagent to produce viral particles, which were 

used to infect cells. Virus-containing supernatants were collected 48 and 72 hr post-transfection 

and filtered to remove cells. Target cells were infected in the presence of 8 μg ml-1 polybrene. 

Cells were selected with puromycin, hygromycin, or blasticidin after infection.  
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Gene-expression analyses 

RNA was isolated using RNeasy mini kit from Qiagen (Valencia, USA). Total RNA (1 μg  was 

reverse-transcribed using the High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems). Quantitative real-time PCR was performed using iTaq Universal SYBR green 

supermix (Biorad) on a Biorad CFX96 detection system. PCR primers were designed using the 

online primer tool Primer3 and purchased from Integrated DNA Technologies. 18S was used as 

the housekeeping gene for normalization, with a melting curve performed after each reaction. 

 

Histological analysis  

Excised prostates were fixed in 10% formalin, dehydrated, and embedded in paraffin.  Samples 

were sectioned at 5 μm    g  m l     

immunohistochemistry, samples were dewaxed and stained with anti- M  l    

dilution), with a ready to use anti-Ki-67 (1:10 dilution), or with anti-BrdU (clone PRB-1, 1:200 

dilution). Secondary biotinylated antibody and ABC complex (Vectastain Elite, Vector Labs) 

were used for detection following manufacturer’s instructions. Human prostate tissue 

microarrays (TMA) were obtained from US Biomax. This study had Institutional Review Board 

exempt status due to de-identification of the human samples. TMA were stained with anti-p62. 

TMA slides were scanned and imaged using the Scanscope XT system (Aperio) and Aperio 

ImageScope software, respectively. The scoring of staining intensity was done by a pathologist 

(E.C) in a blinded fashion. For immunofluorescence, sections were deparafinized as described 

above and incubated with anti-p62 antibody (1:100) overnight at 4°C. Alexa Fluor 488 tyramide 

signal amplification kit for p62 antibody was used. Stained sections were examined under an 

inverted laser scan microscope (LSM 710 NLO, Zeiss, Germany). 
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FACs-sorted murine stromal isolation 

Prostates from 12-week-old mice were harvested and dissected. Prostate cell isolation has 

been described previously (Lukacs et al., 2010). Cells were stained with fluorescently labeled 

lineage markers (CD31-FITC, CD45-FITC, and Ter119-FITC), CD49f-PE, and Sca-1-APC. 

Unstained prostate cells were used as the control to set the background fluorescence. Single-

color stained OneComp ebeads (eBioscience) were used for FACS Aria cell sorter equipment 

compensation. FMO compensations were also performed.  Stromal cells were sorted at 4°C 

into FACS Collection media using the FACS Aria cell sorter and FACS Diva software (BD 

Biosciences). Stromal cell fractions were sorted based on the Lin-, Sca-1+, CD49f- profile.  

 

Determination of ROS Levels 

ll      m       μM 5-(and-6)-

chloromethyl-2',7'-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA, Molecular 

Probes) in warm PBS. After 30 min at 37°C, cells were washed, trypsinized, and re-suspended 

in PBS. Detection of ROS levels was carried out through flow cytometric analyses using a FACS 

Canto flow cytometer (Becton-Dickinson) with FlowJo software (BD Biosciences).  

 

Measurement of NADPH/NADP ratio and GSH intracellular levels 

Fibroblast cells were washed with cold PBS and extracted with NADP/NADPH extraction buffer. 

Quantification was carried out using the NADP/NADPH quantification colorimetric kit (Cat. No. 

K347-100, BioVision) according to the manufacturer’s protocol. GSH was measured using the 

Glutathione Assay Kit (Cat No. CS0260, Sigma Aldrich). The plate reader was set to 412 nm 

with kinetic reads at 1 min intervals for 5 min. At least three independent measurements were 

carried out.  
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ELISAS 

Culture supernatants were harvested, clarified by centrifugation, and frozen for the subsequent 

determination of IL-6 concentration by enzyme-linked immunosorbent assay (ELISA) according 

to the manufacturer's instructions (BD Bioscience). TGF  n  na a n   

quantified using the Human/Mouse TGF beta 1 ELISA Ready-SET-Go! (eBioscience).  

 

Invasion Assay  

PCa cells (5 x 104) were plated onto 8 µm-pore Matrigel Invasion chambers (BD Biosciences) in 

24-well plates. Conditioned media from WT, p62 KO, IL-6 KO, p62/IL-6 DKO, p62/IL-6 DKO + 

IL-6, WT shNT, p62 KO shNT, p62 KO shIL-6 fibroblasts were added to the lower chamber as a 

chemoattractant. Cells were allowed to invade for 22 hr at 37°C. Non-invading cells in the upper 

surface were removed and those on the lower surface fixed in methanol and stained with crystal 

violet. Cells in at least five randomly selected fields from each of three experiments were 

counted.  

 

Co-culture invasion assays 

Invasion assays were performed as described above with a few modifications. WT shNT or WT 

shMyc fibroblast (7.5 x 104) were seeded in TC-treated 24-well plates and allowed to attach for 

6 hr before PCa cells were seeded on top of the invasion chamber. The chamber was then 

placed in the pre-seeded 24-well plate. Invasion was quantified after 22 hr.  

 

Organotypic cultures 

3D air liquid organotypic culture cultures have been used extensively in skin (Gaggioli et al., 

2007), esophageal (Okawa et al., 2007), pancreas (Coleman et al., 2014), colon (Henriksson et 

al., 2011), breast (Chioni and Grose, 2012) and more recently in prostate cancer (Kim et al., 
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2013), to determine the mechanisms of tumor invasion and the role of the stromal compartment 

(Chioni and Grose, 2008). To study the interaction between the prostate cancer cells and 

surrounding stroma to impact cancer cell proliferation and invasion, a 3D air liquid organotypic 

culture was set up as previously described (Kim et al., 2013) (Coleman et al., 2014). Briefly, 

gels were composed of one ml of a mixture of 1.75 volumes of Matrigel, 5.25 volumes of 

collagen type I, 1 volume of 1x DMEM, 1 volume of 10x DMEM, and 1 volume of filtered FBS. 

The mixture was plated onto 24-well plates coated with diluted collagen type I. Gels were 

allowed to equilibrate with 1 ml of 1x DMEM overnight at 37°C. 5 x 105 cells PCa cells and 

prostate stromal cells (50:50) were then seeded on top of the matrix as shown in the scheme 

below. For organotypic cultures with macrophages, whole bone marrow cells were obtained 

from WT and p62 KO mice and differentiated as previously described (Lee et al., 2010). 

Differentiated macrophages were embedded into the organotypic gels and PCa cells were 

seeded on top of the gel. Gel rafts were placed onto collagen-coated nylon sheets and lifted 

using a sterile supporting steel mesh to set up a raised air-liquid culture. Normal medium was 

changed in alternate days and organotypic cultures were allowed to grow for 14 days. 

Afterwards, organotypic gels were harvested, fixed in 10% neutroal buffered formalin, bisected 

and embedded in paraffin. H&E stained sections were analyzed with a Zeiss light microscope 

supplemented with Axiovision40 software. Quantification of the invasion assays was performed 

as described previously (Nystrom et al., 2005) using ImageProPlus software.  

Schematic representation of air-liquid organotypic cultures 
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In vivo orthotopic tumor assay 

Murine TRAMP-C2Re3 prostate carcinoma cells (5 × 104) were injected orthotopically into the 

prostates of WT, p62 KO, and p62/IL-6 DKO mice and harvested after 60 days, as previously 

described (Olson et al., 2006). 

 

Xenograft experiments 

Cell mixtures (1 x 106 cells) of equal ratios of PCa cells with fibroblasts in a 100 μl   

Matrigel (BD Biosciences) were injected into the flanks of WT mice. Tumors were allowed to 

grow for 6 weeks. Tumor volume was measured every week. 

 

Metabolic Extraction 

For labeling experiments, 2 x 105 cells were seeded in 6-well plates. After 16 hr of incubation, 

cells were washed with PBS and incubated with DMEM, 10% dialyzed serum, and either 4 mM 

[U-13C5]glutamine and 25 mM unlabeled glucose or [1,213C2]glucose and unlabeled glutamine. 

Spent medium from labeled cells was collected and analyzed for glucose, glutamine 

consumption, and lactate production using the YSI2950 analyzer. Cells were rinsed in ice-cold 

saline solution, and then ice-cold 100% HPLC-grade methanol was added to the cells. An equal 

volume of water containing norvaline as standard was added to the plate. Cells were scraped 

and mixed with ice-cold chloroform. Samples were vortexed for 10 min at room temperature and 

centrifuged at 3000 g for 10 min. Polar metabolites were separated and evaporated in a 

refrigerated vacuum centrifuge.   
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Derivatization, gas chromatography/mass spectrometry (GC/MS) analysis, and flux 

calculations 

Polar metabolites were derivatized to form methoxime-tBDMS derivatives by first dissolving the 

evaporated samples in 20 µl of 2% (w/v) methoxylamine hydrochloride (MP Biomedicals, OH) in 

pyridine and incubating at 37°C for 60 min. Samples were then silylated by addition of 30 µl of 

N-tertbutyldimethylsily-N-methyltrifluoroacetamide (MTBSTFA) with 1% tert-

butyldimethylchlorosilane (TBDMCS) (Regis Technologies, IL) and incubated at 37°C for 45 

min. Samples were centrifuged at 14,000 rpm for 5 min and clarified supernatant was 

transferred to GC sample vials for analysis. Derivatized samples were analyzed by GC-MS 

using a DB-35MS (Agilent J&W Scientific) installed in an Agilent 7890A GC interfaced with an 

Agilent 5975C MS operating in electron impact mode scanning over the range 100-650 m/z. The 

GC method and metabolite peaks used for integration have been previously described 

(Grassian et al., 2011) (Metallo et al., 2012). Uptake and secretion fluxes of glucose, glutamine, 

and lactate were then calculated using an exponential growth model.  PPP flux was determined 

by multiplying lactate secretion flux by the ratio of M1 to M2 lactate labeled from [1,2-

13C2]glucose as described above. 

 

Array and Gene Set Enrichment Analysis 

Microarray studies were performed in the Genomics and Microarray Laboratory at the 

Department of Environmental Health, University of Cincinnati Medical Center. Briefly, total RNA 

was extracted from six independent orthotopic tumors from WT and p62 KO mice and 

hybridized on Affymetrix mouse ST 1.0 microarrays. Scanning of the images and the first pass 

processing of probe-level fluorescence intensities was performed using the Microarray Suite 5.0 

software (MAS 5.0; Affymterix, Santa Clara, CA). The data was normalized, and the calculation 

of the gene-specific summary measures was performed by the robust multi-array average 
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(RMA) procedure (Irizarry et al., 2003) based on the Entrez gene-centric probe set definitions 

provided by the University of Michigan “brainarray” group (Dai et al., 2005).  Statistical 

significance of genes differentially expressed between WT and p62 KO orthotopic tumors were 

assessed using Empirical Bayes linear model (Sartor et al., 2006). Gene set enrichment 

analysis was performed using GSEA v2.0.14 software 

(http://www.broadinstitute.org/gsea/index.jsp) with 5000 gene set permutations using the metric 

Signal-to-Noise ratio (S2N) and the collection C5.bp.v3.1.symbols or C2.all.v4.0.symbols 

(Subramanian et al., 2005Subramanian et al., 2005). Probe sets were collapsed using 

MoGene_1_0_st.chip. Meta-analyses to identify overlapping and associated genes with 

publically available data set were performed using the NextBioTM (NextBio, Cupertino, CA) on-

line search engine (www.nextbio.com). Differentially expressed genes were further analyzed 

with the Ingenuity Pathways Analysis program (http://www.ingenuity.com/index.html).  

 
 

http://www.broadinstitute.org/gsea/index.jsp
http://www.nextbio.com/
http://www.ingenuity.com/index.html
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SUMMARY

The mTORC1 complex is central to the cellular res-
ponse to changes in nutrient availability. The sig-
naling adaptor p62 contributes tomTORC1activation
in response to amino acids and interacts with TRAF6,
which is required for the translocation of mTORC1
to the lysosome and the subsequent K63 poly-
ubiquitination and activation of mTOR. However,
the signal initiating these p62-driven processes was
previously unknown. Here, we show that p62 is phos-
phorylated via a cascade that includes MEK3/6 and
p38d and is driven by the PB1-containing kinase
MEKK3. This phosphorylation results in the recruit-
ment of TRAF6 to p62, the ubiquitination and activa-
tion of mTOR, and the regulation of autophagy and
cell proliferation. Genetic inactivation of MEKK3 or
p38d mimics that of p62 in that it leads to inhibited
growth of PTEN-deficient prostate organoids. Anal-
ysis of humanprostate cancer samples showedupre-
gulation of these three components of the pathway,
which correlated with enhanced mTORC1 activation.

INTRODUCTION

Cell metabolism is responsive to the availability of environmental
and intracellular nutrients. The mTORC1 kinase complex is a
key nutrient sensor and an essential mediator of this response
via its actions as a regulator of anabolism and autophagy (Hay
and Sonenberg, 2004; Laplante and Sabatini, 2012). The aber-
rant activation of mTORC1 has important repercussions in
several diseases, including cancer (Guertin and Sabatini, 2007;
Laplante and Sabatini, 2012; Sabatini, 2006). An essential step
in amino-acid-induced activation of mTORC1 is its translocation
to the lysosome, mediated by the Rag guanosine triphospha-
tases (GTPases), where it is activated by another GTPase termed
Rheb (Durán and Hall, 2012; Sancak et al., 2008, 2010; Yuan
et al., 2013). A lysosomal pentameric complex termed ragulator,
along with the vacuolar-ATPase, have been proposed to pro-
mote the exchange of GDP for GTP on RagA or RagB in

amino-acid-activated cells (Sancak et al., 2010). Additionally,
the Rags have been shown to be regulated by other proteins
including the GATOR1 complex (Bar-Peled et al., 2013), FLCN
(Petit et al., 2013; Tsun et al., 2013), and sestrins (Budanov
and Karin, 2008; Chantranupong et al., 2014). There is also evi-
dence for Rag-independent mechanisms of mTORC1 activation.
For example, it has recently been reported that Rab1A mediates
mTORC1 activity in a Rag-independent manner through the for-
mation of a Rheb-mTORC1 complex in the Golgi (Thomas et al.,
2014). Moreover, RagA-null cells display a diffuse cytosolic
localization of mTOR and RagC but can, nonetheless, maintain
the activity of mTORC1 (Efeyan et al., 2014). Also, it has recently
been shown that RheB-null cells retain significant levels of
mTORC1 activity (Groenewoud et al., 2013). Moreover, very
recent results suggest that the mechanism whereby glutamine
activates mTORC1 differs from that of leucine as it is indepen-
dent of the Rag-Ragulator cascade and is mediated by Arf-1
(Jewell et al., 2015). Therefore, it is clear that our comprehension
of mTORC1 activation is still fragmentary and that more work is
necessary to achieve a thorough understanding of the mecha-
nisms that modulate its activity in response to nutrients.
The signaling adaptor p62 (also known as SQSTM1) is cen-

tral to cell survival and proliferation through the activation of
mTORC1 (Duran et al., 2008, 2011; Linares et al., 2013; Moscat
and Diaz-Meco, 2009, 2011; Valencia et al., 2014). This is
achieved through the interaction of p62 with raptor, a distinc-
tive component of the mTORC1 complex, and by facilitating
mTORC1 translocation to the lysosome, a process that likely in-
volves the interaction of p62 with the Rag proteins (Duran et al.,
2011). Our recent data demonstrate that the E3-ubiquitin ligase
TRAF6 is another important player in this process (Linares
et al., 2013). That is, the interaction of TRAF6 with p62 facilitates
the lysosomal recruitment of mTORC1 and catalyzes the K63
polyubiquitination of the mTOR subunit of the complex, which
is required for its optimal activation by amino acids (Linares
et al., 2013). Therefore, the p62/TRAF6 tandem must be con-
sidered an important modulator of nutrient sensing through
mTORC1. Consistent with this notion, the loss of TRAF6, like
that of p62, attenuated proliferation and the transforming proper-
ties of cancer cells and led to enhanced autophagy, which could
be rescued by the expression of a permanently active RagB
mutant, indicating that p62 acts upstream of the Rag proteins
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Figure 1. p62 Phosphorylation at T269/S272 Was Required for mTORC1 Activation in Response to Amino Acids
(A) p62 domain organization and phosphorylation sites identified by mass spec. Phosphorylation of T269 and S272 was induced by amino acids (upper panel).

Alignment of the amino acid sequence of human p62 (264–276) with orthologs in other species is shown (lower panel).

(B) p62 phosphorylation at T269 and S272 is induced by amino acids. HEK293T cells were starved of amino acids for 50min and restimulated with amino acids for

the indicated durations. Cell lysates were analyzed by immunoblotting.

(legend continued on next page)
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(Linares et al., 2013). Thus, p62 acts as a scaffold, bringing com-
ponents involved in the control of mTORC1 signaling to the cor-
rect cellular location (Duran et al., 2011). How mTORC1 is linked
to the upstream nutrient-sensing machinery and the potential
role of p62 in that process are key unresolved issues.
Here, we demonstrate that p62 phosphorylation at T269/S272

is a critical event in channeling the amino acid response to
mTORC1 activation, likely due to its ability to orchestrate the
binding of p62 with the different components of the mTORC1-
signaling complex. That is, we found that p62 organizes amolec-
ular platform with a kinase cascade that is initiated by MEKK3
and triggers the activation of p38d, is driven by PB1-domain in-
teractions between p62 and MEKK3, and is located on the lyso-
somal surface. These kinases, like p62, are selectively required
for amino-acid-induced mTORC1 activation whereas dispens-
able for insulin signaling and are required for effective control
of cell growth, autophagy, and transformation. These findings
define a critical mechanism to transmit nutrient-sensing signals
to the mTORC1 complex, which is mediated by phosphorylation
of the scaffold protein p62.

RESULTS

p62 Phosphorylation Is Required for the Activation of
mTORC1 by Amino Acids
The mechanisms whereby mTORC1 respond to amino acids are
not fully understood. Our previous data demonstrated that p62 is
a scaffold in this pathway (Duran et al., 2011; Linares et al., 2013),
but the process by which it senses amino acids remains to be
elucidated. Recent studies have suggested phosphorylation as
a regulatory mechanism for the control of p62 function (Ichimura
et al., 2013; Linares et al., 2011; Matsumoto et al., 2011). There-
fore, we hypothesized that nutrient-driven p62 phosphorylation
might underlie p62-mediated activation of mTORC1 in response
to amino acids. To address this possibility, we generated
HEK293T cells stably expressing FLAG-tagged p62 or FLAG
control. Cells were stimulated with amino acids, after which
anti-FLAG immunoprecipitates were subjected to liquid chroma-
tography coupled to mass spectrometry (LC-MS). We found that
p62 exhibited low-abundance baseline phosphorylation at resi-
dues S28, T221, and S224 that was constitutive and not changed
upon amino acid stimulation (Figure 1A, upper panel). In con-
trast, we found that phosphorylation at residues T269 and

S272 was markedly induced by amino acids (Figure 1A, upper
panel). These sites, and their surrounding sequences, were
highly conserved across species (Figure 1A, lower panel). To
establish the relevance of these phosphorylation events in
mTORC1 signaling, we used a phosphospecific antibody gener-
ated against the human p62 peptide SRLT(P)PVS(P)PES(C),
which allowed us to detect phospho-T269/S272. Interestingly,
immunoblot analysis revealed the strong phosphorylation of
p62 at T269/S272 upon re-addition of all amino acids to cells
amino acid starved (Figure 1B). Leucine and arginine, two key
amino acids for mTORC1 stimulation, also promoted p62-
T269/S272 phosphorylation, which correlated with the magni-
tude of mTORC1 activation, as measured by phosphorylation
of S6K (Figure 1C). Conversely, amino acid starvation resulted
in a pronounced inhibition of p62-T269/S272 phosphorylation,
concomitant with the decrease of mTORC1 activity (Figure 1D).
Mutation of p62-T269/S272 sites to alanine (p62T269/S272AA)
abolished amino-acid-induced p62 phosphorylation, demon-
strating that these are bona fide nutrient-sensitive p62 phos-
phorylation residues (Figure 1E). To explore whether phosphor-
ylation of p62 has any impact on its ability to regulate mTORC1
activity, we used p62 KO MEFs reconstituted with either p62WT

or p62T269/S272AA. Consistent with our previously published
data, mTORC1 activation in response to amino acids was
impaired in p62-deficient cells (Figure 1F) (Duran et al., 2011).
Importantly, whereas re-expression of p62WT restored mTORC1
activity in the KO MEFs, that of p62T269/S272AA failed to
do so, as demonstrated by phosphorylation of multiple mTORC1
downstream targets including S6K, S6, and 4EBP1 (Fig-
ure 1F). Furthermore, overexpression of an active RagB-GTP-
bound mutant rescued the mTORC1 inhibition caused by
p62T269/S272AA expression (Figure 1G). This is in agreement
with p62 acting upstream of the Rag GTPases in the control of
mTORC1 signaling in the amino acid pathway and supports
the notion that p62 phosphorylation also lies upstream of Rag
activation (Duran et al., 2011). In keeping with a specific role
for p62 in the amino acid, but not in the insulin pathway, insulin
did not promote p62 phosphorylation, which, in turn, was
not required for insulin-induced mTORC1 activity (Figure 1H).
Notably, p62 phosphorylation was also critical for assembly of
the amino-acid-induced p62-mTORC1 complex, as demon-
strated by the ability of p62T269/S272AA expression to inhibit the
interaction of p62 with the different components of mTORC1,

(C) p62 phosphorylation was determined in response to different amino acids. HEK293T cells were starved of amino acids and restimulated with the indicated

amino acids for 30 min.

(D) Amino acid starvation inhibits p62 phosphorylation and mTORC1 activation. HEK293T cells were starved of amino acids for the indicated durations. Total cell

lysates were analyzed by immunoblotting.

(E) Mutation of p62-T269/S272 sites to alanine (p62T269/S272AA) abolished p62 phosphorylation in response to amino acids. HEK293T cells stably expressing

FLAG-p62WT or FLAG-p62T269/S272AA were treated and analyzed as in (B).

(F) The p62T269/S272AA mutant was not able to reconstitute mTOR activation in p62KO MEFs. WT and p62KO MEFs, reconstituted with p62WT or p62T269/S272AA,

were treated as in (B). Cell lysates were analyzed by western blot.

(G) RagBGTP overexpression rescued the defects in mTOR activation by amino acids in cells stably expressing the p62T269/S272AA mutant. HEK293T cells stably

expressing FLAG-p62WT, FLAG-p62T269/S272AA, or FLAG-p62T269/S272AA and FLAG-RagBGTP were treated as in (B) and immunoblotted for the specified proteins.

(H) p62 phosphorylation was not required for mTOR activation by insulin. HEK293T cells stably expressing FLAG-p62WT or FLAG-p62T269/S272AA were deprived of

serum for 24 hr and stimulated with insulin for the indicated durations. Cell lysates were analyzed by western blot.

(I) The p62T269/S272AAmutant eliminated the interaction of p62with different components of themTORC1 complex. HEK293T cells stably expressing FLAG-p62WT

or FLAG-p62T269/S272AA were treated as in (B). Cell lysates and FLAG-tagged immunoprecipitates were immunoblotted to detect the indicated proteins.

Results are representative of three experiments. See also Figure S1.
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Figure 2. MEKK3 Was a Critical Kinase for p62 Phosphorylation and mTORC1 Activation in Response to Amino Acids
(A) Schematic of the different types of PB1 domains based on the presence of an acid cluster (type I), basic cluster (type II), or both in the same domain (type I/II).

(B) p62 and MEKK3 domain architecture and schematic of the interaction between the acidic cluster of the PB1 domain of p62 and the basic domain of MEKK3.

(legend continued on next page)
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including mTOR, raptor, and TRAF6 (Figure 1I). Mutation of
p62-T269/S272 sites to aspartic acid did not mimic p62 phos-
phorylation and did not restore mTORC1 activation or TRAF6
recruitment (Figures S1A and S1B). Together, these findings
demonstrate that p62 phosphorylation is a key event in mTORC1
activation, selectively in response to amino acids.

MEKK3 Is a Critical Kinase for Amino-Acid-Induced p62
Phosphorylation
An important question arising from these results is the identity of
the amino-acid-activated p62 kinase. In this regard, the structure
of p62 includes a PB1 domain, which is a protein-protein interac-
tion module that is present in kinases, such as the atypical PKCs
(PKCz and PKCl/i) and MEKK3, as well as in signaling adapters
such as Par-6 and NBR1 (Moscat et al., 2006; Sanchez et al.,
1998). Protein dimerization occurs by PB1-PB1 interactions
through a b-grasp topology in a front-to-back orientation of the
two PB1 domains. This involves electrostatic interactions of a
cluster of basic residues in one of the PB1 domains that can
bind clusters of acidic amino acids in the back of a second PB1
(Figure 2A) (Moscat et al., 2006; Sumimoto et al., 2007). The
PB1 domains can be classified into three different types based
on the presence of the acid cluster (type I), the basic cluster
(type II), or both in the same domain (type I/II; Figure 2A). The
PB1 domain of p62 belongs to the type I/II group and, therefore,
canaccommodate interactions throughboth faces (Moscat et al.,
2006; Sumimoto et al., 2007). In this regard, we previously
showed that proteins such as PKCz, PKCl/i, or NBR1, which
interact with p62 through its basic cluster, were not required for
the activation of mTORC1 (Duran et al., 2011). In contrast, we
found that disruption of the acidic cluster of p62, by mutation of
D69/D73 to alanine, abolished p62 phosphorylation in response
to amino acids (Figures 2B and 2C). This suggests that, if a
PB1-domain protein is involved in mTORC1 activation, it must
interact with the acidic cluster of p62 using its basic cluster. Inter-
estingly, the PB1-domain-containing kinase, MEKK3, harbors a
type II PB1 domain and previous results have shown that the
p62 D69A/D73A PB1-domain mutant is unable to interact with

MEKK3 (Figure 2B) (Nakamura et al., 2010). Consistent with
this, the overexpression of MEKK3 resulted in the phosphoryla-
tion of p62WT, but not of p62T269/S272AA (Figure 2D). Furthermore,
p62 phosphorylation in response to MEKK3 overexpression was
eliminated in the p62 PB1-domain mutant (Figure 2E). MEKK3
overexpression, but not that of a kinase-dead mutant, was able
to induce the phosphorylation of p62 at T269/S272 (Figure 2F),
which correlatedwithmTORC1activation (Figure 2F), suggesting
that MEKK3 could be a bona fide regulator of p62 phosphoryla-
tion and mTORC1 activity. Next, we determined whether
MEKK3 is required for mTORC1 activation by using the clustered
regularly interspaced short palindromic repeats (CRISPR/Cas9)
system to generate MEKK3-deficient HEK293T cells. Notably,
the loss of MEKK3 severely reduced p62 phosphorylation and
mTORC1 activation in response to amino acids, which were
both rescued by the ectopic expression of MEKK3 (Figure 2G).
Similar results were obtained with two independent sgMEKK3
clones, as well as by knocking down MEKK3 with a shRNA lenti-
viral vector in HEK293T, A549, and PC3 cells (Figures S2A–S2D).
Of note, the effects of MEKK3 deficiency in mTORC1 activation
were rescued by expression of active RagB (Figure 2H). The
loss of MEKK3 did not affect insulin-activated mTORC1, consis-
tent with the specificity of p62 in the amino acid pathway (Fig-
ure 2I). In keeping with the importance of MEKK3 in this process,
we found that, upon cell stimulation by amino acids, endogenous
MEKK3was recruited to an endogenous complex containing p62
and mTOR (Figure 2J). In addition, Figure 2K demonstrates that
the kinase activity of MEKK3 was stimulated in amino-acid-
treated cells. Collectively, these results demonstrate that p62 is
phosphorylated in response to amino acids through a MEKK3-
dependent mechanism that is critical for mTORC1 activation
and is mediated by the interaction of p62 and MEKK3 through
their respective PB1 domains.

MEK3/6 and p38d Channel MEKK3-Induced
Phosphorylation of p62 by Amino Acids
Based on these results, it is possible that p62 could be targeted
directly by MEKK3. However, when bacterially expressed

(C) Mutation of p62-D69/73 sites to alanine (p62D69/73AA) abolished p62 phosphorylation. HEK293T cells transfected with the indicated plasmids were starved of

amino acids for 50 min and restimulated with amino acids for the indicated durations. Myc-tagged immunoprecipitates were analyzed by western blot.

(D) MEKK3 promoted p62 phosphorylation at T269/S272. HEK293T cells were transfected with the indicated plasmids, and cell lysates were analyzed bywestern

blot.

(E) MEKK3-induced p62 phosphorylation required the PB1 domain of p62. HEK293T cells were transfected with the indicated plasmids, and cell lysates were

immunoblotted to detect the specified proteins.

(F) Overexpression of MEKK3, but not that of MEKK3 kinase-dead mutant, induced p62 phosphorylation andmTORC1 activation by amino acids. HEK293T cells

transfected with the indicated plasmids were deprived of amino acids for 50min and stimulated with amino acids for 15min. Cells were analyzed by western blot.

(G) MEKK3 expression rescued p62 phosphorylation and mTOR activation in MEKK3-deficient cells. MEKK3-deficient HEK293T cells generated with the

CRISPR/CAS9 system were reconstituted with MEKK3. Cells were deprived of amino acids for 50 min and then stimulated with amino acids for the indicated

durations. Cell lysates were immunoblotted for the specified proteins.

(H) RagBGTP overexpression rescued mTOR activation by amino acids in MEKK3-deficient cells. Control and MEKK3-deficient HEK293T cells expressing FLAG-

RagBGTP were treated as in (G) and immunoblotted to detect the specified proteins.

(I) MEKK3 was not required for mTOR activation by insulin. Control and MEKK3-deficient HEK293T cells were deprived of serum for 24 hr and stimulated with

insulin for the indicated durations. Cell lysates were analyzed by western blot.

(J)MEKK3 is a component of themTORC1 complex.mTOR immunoprecipitates and cell lysates fromHEK293T cells, treated as in (F), were immunoblotted for the

indicated proteins.

(K) MEKK3 kinase activity was activated upon amino acid stimulation. HEK293T cells transfected with the indicated plasmids were treated as in (F). HA-tagged

immunoprecipitates were used in an in vitro phosphorylation with ATPgS, with myelin basic protein (MyBP) as the substrate, followed by PNBM alkylation and

immunoblotting to detect the indicated proteins.

Results are representative of three experiments. See also Figure S2.
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Figure 3. MEKK3/MEK3/6-p38d Induced p62 Phosphorylation in Response to Amino Acids
(A) p38d was required for mTORC1 activation in response to amino acids. Results of siRNA screening of MAPKs in mTORC1 activation.

(B) p38dwas required for p62 phosphorylation at T269/S272 in response to amino acids. p38d-deficient HEK293T cells generated with theCRISPR/CAS9 system.

Cells were deprived of amino acids for 50 min and then stimulated with amino acids for 15 min. Cell lysates were immunoblotted for the indicated proteins.

(C) RagBGTP overexpression rescued amino-acid-inducedmTOR activation in p38d-deficient cells. Control and p38d-deficient HEK293T cells, expressing FLAG-

RagBGTP, were treated as in (B). Cell lysates were immunoblotted for the indicated proteins.

(D) p38dwas not required for insulin-inducedmTORC1 activation. Control and p38d-deficient HEK293T cells were deprived of serum for 24 hr and then stimulated

with insulin for the indicated durations. Cell lysates were immunoblotted to detect the indicated proteins.

(E) p38d overexpression promotes p62 phosphorylation at T269/S272. HEK293T cells were transfected with the indicated plasmids and immunoblotted for the

specified proteins.

(F) p38d kinase activity was required for p62 phosphorylation. HEK293T cells were transfected with the indicated plasmids and immunoblotted for the specified

proteins.

(G) p38d directly phosphorylated p62 at T269/S272 in vitro. An in vitro phosphorylation assay using recombinant p62 and recombinant p38d is shown.

(H) T269/S272 sites accounted for p62 phosphorylation by p38d. FLAG-tagged immunoprecipitates from HEK293T cells were phosphorylated in vitro by re-

combinant p38d with ATPgS, followed by PNBM alkylation and immunoblotting for the indicated proteins.

(I) p38d kinase activity was activated by amino acids. HEK293T cells transfected with the indicated plasmids were treated as in (B). In vitro phosphorylation was

carried out with the FLAG-tagged immunoprecipitates and MBP-p62 recombinant protein as a substrate.

(J) MEKK3 was required for p38d-induced p62 phosphorylation by amino acids. shNT or shMEKK3 HEK293T cells transfected with the indicated plasmids were

treated as in (B). In vitro phosphorylation was carried out with the FLAG-tagged immunoprecipitates, and MBP-p62 recombinant protein was used as the

substrate.

(K) MEK3/6 was required for p62 phosphorylation and mTORC1 activation in response to amino acids. HEK293T cells transfected with scramble siRNA or MEK3

and MEK6 siRNAs and FLAG-RagBGTP were treated as in (B). Cell lysates were immunoblotted for the indicated proteins.

(legend continued on next page)
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recombinant p62was incubatedwith active recombinantMEKK3
in an in vitro kinase assay, we found that MEKK3 was not able to
directly phosphorylate p62 (Figure S3A). These results strongly
suggest the existence of other kinase that acts downstream of
MEKK3 to phosphorylate p62 in response to amino acids. Our
previously published data showed that CDK1 was able to phos-
phorylate p62 at residues T269/S272 during mitosis (Linares
et al., 2011). However, a selective CDK1 inhibitor did not affect
p62 phosphorylation in response to amino acids (Figure S3B).
To identify that kinase, because MEKK3 is a MAP3K, we
reasoned that a MAP2K/MAPK cascade could act downstream
of MEKK3 to phosphorylate p62. To address this possibility, we
individually knocked down all the members of the five distinct
groups of MAPKs characterized in mammals (Figure 3A). Cells
were stimulated with amino acids, as above, and the activation
of mTORC1 was determined. Notably, only depletion of p38d
(MAPK13) severely impaired amino-acid-induced activation of
mTORC1 (Figures 3A and S3C). Importantly, knockout of p38d
by CRISPR/Cas9 severely abolished p62 phosphorylation and
mTORC1 activation in cells stimulated with amino acids, which
was rescued by the expression of active RagB (Figures 3B and
3C). Of note, p38d-deficient cells displayed normal insulin-
inducedmTORC1 activation (Figure 3D). Similar results were ob-
tained with two other independent CRISPR/Cas9-generated
p38d KO clones (Figure S3D). Furthermore, the pharmacological
inhibition of p38d severely abrogated mTORC1 activation and
p62 phosphorylation by amino acids (Figure S3E). Interestingly,
we also found that the overexpression of WT, but not of a ki-
nase-inactive p38d (T180A/Y182F) mutant, was able to induce
the phosphorylation of p62WT, but not of p62T269/S272AA (Figures
3E and 3F). Taken together, these results demonstrate that
p38d is responsible for p62 phosphorylation and mTORC1 acti-
vation by amino acids. To determine whether p62 is actually a
direct substrate of p38d, we incubated bacterially expressed re-
combinant p62 with active p38d in an in vitro kinase assay and
found that p38d directly phosphorylated p62 at T269/S272 (Fig-
ure 3G). To confirm that these residues account for p62 phos-
phorylation by p38d, purified p62WT and p62T269/S272AA were
phosphorylated in vitro with ATP-g-S and recombinant active
p38d. Figure 3H demonstrates that p62 phosphorylation by
p38d was completely abolished in the p62T269/S272AA mutant, as
compared to p62WT, indicating that p38d is a bona fide direct
p62 T269/S272 kinase that channels MEKK3 signals in amino-
acid-activated cells.
If this model is correct, then p38d should be activated by

amino acids in a MEKK3-dependent manner. To determine
whether this was the case, HEK293T cells were transfected
with FLAG-tagged p38d, after which cells were treated with
amino acids at different times as described above. Transfected
p38d was immunoprecipitated with an anti-FLAG antibody,
and its ability to phosphorylate recombinant p62 was deter-
mined in an in vitro kinase assay. Interestingly, p38d from shNT

cells that were stimulated with amino acids displayed higher
enzymatic activity toward recombinant p62 than p38d from un-
stimulated shNT cells (Figure 3I). The finding that amino acid
stimulation did not increase the activity of p38d in shMEKK3 cells
(Figure 3J) clearly established that p38d is a critical downstream
target of MEKK3 in the nutrient-sensing cascade that activates
mTORC1 through p62 phosphorylation. To identify the kinase
that links MEKK3 to p38d, we tested whether MEK3 and MEK6
might be the MAP2Ks upstream of p38d. Notably, the simulta-
neous depletion of MEK3 and MEK6 severely impaired amino-
acid-induced mTORC1 activation and p62 phosphorylation,
which was rescued by the expression of active RagB (Figure 3K).
Furthermore, the kinase activity of MEK3 was stimulated in
amino-acid-treated cells (Figure 3L). Collectively, these results
demonstrate that MEKK3 is the apical kinase in an amino-acid-
sensing cascade that includes MEK3/MEK6 and p38d and that
leads to p62 phosphorylation, which is a critical step for
mTORC1 activation in response to amino acids (Figure 3M).

MEKK3 and p38d Control Lysosomal Translocation
of mTOR
To be activated by amino acid stimulation, mTORC1 must un-
dergo translocation from the cytoplasm to the lysosome (Sancak
et al., 2008). Given that MEKK3 and p38d are necessary for
amino-acid-induced mTORC1 activity, we next investigated
the subcellular localization of MEKK3 and p38d by confocal
immunofluorescence microscopy in both starved and amino-
acid-stimulated cells. Double staining of endogenous MEKK3
or p38d and lysosomal-associated membrane protein 2
(LAMP2) revealed the localization of both kinases at the lyso-
some, which was independent of nutrient availability (Figures
4A and 4B). The antibodies used in this experiment were vali-
dated for immunofluorescence in MEKK3 or p38d knocked
down cells (Figure S4). Cell fractionation confirmed the constitu-
tive localization of MEKK3, p38d, and p62, along with Lamp2, in
the heavy membrane lysosomal fraction (Figure 4C). Of great
functional relevance, the knockdown of either MEKK3 or p38d
impaired the colocalization of mTORC1 with LAMP2 in response
to amino acids (Figure 4D), demonstrating that p38d andMEKK3,
like p62, are required for mTORC1 translocation to the lysosome.

Role of the MEKK3/p38d Cascade in the
Polyubiquitination of mTOR
TRAF6 is recruited to the p62-mTORC1 complex upon amino
acid stimulation, and this promoted the K63 polyubiquitination
of mTOR, a key event in amino-acid-dependent activation of
mTORC1 (Linares et al., 2013). Our current results link this pro-
cess to the MEKK3/p38d cascade, because depletion of either
kinase severely impaired the interaction of TRAF6 with p62 (Fig-
ures 5A and 5B). This suggests a critical role for the phosphory-
lation of p62 by the MEKK3/p38d cascade in the binding of
TRAF6 to p62, consistent with the fact that p62T269/S272AA did

(L) MEK3 is activated in response to amino acids. HEK293T cells transfected with the indicated plasmids were treated as in (B). FLAG-tagged MEK3 immu-

noprecipitates were used in an in vitro phosphorylation, usingMyBP as substrate, with ATPgS followed by PNBM alkylation and immunoblotting for the indicated

proteins.

(M) Schematic showing that MEK3/6-p38d channels MEKK3-induced phosphorylation of p62 and mTORC1 activation by amino acids.

Results are representative of three experiments. See also Figure S3.
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Figure 4. MEKK3/p38d Cascade Is Required
for the Lysosomal Translocation of mTOR
(A and B) MEKK3 and p38d localize at the lysosome

in an amino-acid-independent manner. Images of

HeLA cells co-immunostained for MEKK3 and

LAMP2 (A) or p38d and LAMP2 (B) are shown. Cells

were starved for 50 min and then stimulated with

amino acids for 10 min before processing. In

all images, graphs show the areas of staining

overlap (merge). The scale bars represent 10 mm.

The quantification of colocalization was carried

out on at least 15 cells per condition from two in-

dependent experiments. Results are shown as

means ± SEM.

(C) MEKK3, p38d, and p62 were present in the

lysosomal fraction. HEK293T cells were treated as

in (A), and lysates were separated into heavy

membrane and light/cytosolic fractions.

(D) MEKK3 and p38d deficiency prevented amino-

acid-induced translocation of mTOR to lysosomes.

Images of control, MEKK3-deficient, or p38d-defi-

cient HEK293T cells treated and analyzed as in (A)

that were co-immunostained to detect mTOR and

LAMP2 are shown. The scale bars represent 10 mm.

Results are shown as means ± SEM. ***p < 0.001.

Images are representative of two independent

experiments. See also Figure S4.
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not interactwith TRAF6 in amino-acid-stimulated cells (Figure 1I).
As predicted by this model, endogenous polyubiquitination of
mTOR in response to amino acids was severely inhibited by
the deficiency of either MEKK3 or p38d (Figures 5C and 5D).
Furthermore, the endogenous polyubiquitination of mTOR in
response to amino acids was inhibited in cells expressing the
p62T269/S272AA mutant compared with those expressing p62WT

(Figure 5E). Collectively, these data demonstrate that p62 phos-
phorylation by p38d is a key event in the recruitment of mTORC1
to the lysosome and in its subsequent activation by TRAF6-
mediated polyubiquitination.

The MEKK3/p38d Cascade Contributes to Cell
Proliferation and Autophagy
A well-established function of mTORC1 is to control cell size
(Fingar et al., 2002). In keeping with a critical role for MEKK3
and p38d in the activation of mTORC1, cells deficient in
MEKK3, p38d, or p62 were significantly smaller thanWT controls
(Figure 6A). On the other hand, it is known that mTORC1 activa-
tion promotes cell proliferation and transformation while inhibit-
ing autophagy (Kim et al., 2011; Yu et al., 2010). Consistent with
this, the knockdown of MEKK3 or p38d in PC3 prostate cancer
(PCa) cells significantly reduced cell proliferation under normal
growing conditions (Figures 6B and 6C), and this effect was
rescued by the expression of a constitutively active mutant of
RagB (Figures 6D and 6E). Given that nutrient starvation induces
autophagy through inhibition of mTORC1 (Kim et al., 2011; Yu
et al., 2010), we knocked down MEKK3 or p38d and determined
the effect on autophagy. Interestingly, reduction in the levels of
either of these kinases resulted in enhanced LC3 processing,
which was even more apparent when cells were incubated
with bafilomycin A1, an inhibitor of autophagosomal and lyso-
somal fusion (Figures 6F–6I). We also analyzed autophagic flux
using the reporter GFP-mCherry-LC3 (Kimura et al., 2007), which
allows the identification of autolysosomes (mCherry-positive/
GFP-negative; red dots) and autophagosomes (mCherry-posi-
tive/GFP-positive; yellow dots). Our data showed that the total

numbers of autophagosomes and autolysosomes under basal
and amino acid starvation conditions were higher in the
MEKK3- and p38d-deficient cells (Figures 6J and 6K). Taken
together, these results demonstrate that the MEKK3/p38d
cascade modulates autophagy in response to nutrient starva-
tion, consistent with its role in the regulation of mTORC1
activation.

Relevance of the MEKK3/p38d/p62/mTOR Axis in
Prostate Cancer
To investigate the relevance of the p62/MEKK3/p38d cascade in
the activation of mTOR in PCa, we profited from a recently devel-
oped technology for creating 3D prostate organoid cultures (Gao
et al., 2014; Karthaus et al., 2014). Murine prostate organoids
faithfully recapitulate the in vivo phenotypes of genetic PCa
mouse models and can be easily manipulated (Gao et al.,
2014; Karthaus et al., 2014). Thus, we isolated prostate epithelial
cells from PTEN-deficient mice and subjected them to lentiviral
infection to selectively knock down MEKK3, p38d, or p62 and
then cultured them in 3D organoid conditions. Interestingly, we
found that the inactivation of MEKK3, p38d, or p62 decreased
the efficiency of organoid formation and size of organoids and re-
verted the hyperplastic phenotype of the PTEN!/! organoids
(Figures 7A and 7B). This strongly suggests an important role
for the MEKK3/p38d cascade in PCa. Notably, the deficiency
in p62, MEKK3, or p38d in these organoids resulted in severe
impairment of S6K and 4EBP1 phosphorylation in this model
(Figure 7C). Consistent with these observations, immunohisto-
chemical analysis of prostates from PTEN+/! mice showed
increased expression of MEKK3, p38d, and p62, as well as the
activation of S6 phosphorylation, which was used as a surrogate
marker of mTORC1 activity, in PIN areas of the prostate, as
compared to normal glands (Figure 7D). Furthermore, we used
double immunofluorescence to analyze the colocalization of
p38d either with p62 or with pS6 in sections of human PCa and
normal prostate tissue. Of great interest, we found that p62
and p38d levels were increased and colocalized with enhanced

Figure 5. The MEKK3/p38d Cascade Was
Required for TRAF6-Catalyzed K63 Poly-
ubiquitination of mTOR in Response to
Amino Acids
(A and B) Knockdown of MEKK3 or p38d impaired

the interaction of TRAF6 with p62 in response

to amino acids. shNT, shMEKK3, or shp38d

HEK293T cells were deprived of amino acids for

50 min and then restimulated with amino acids for

30 min. Cell lysates and p62 immunoprecipitates

were analyzed by western blot for the indicated

proteins.

(C–E) MEKK3, p38d, and p62 phosphorylation

were required for polyubiquitination of mTOR

in response to amino acids. shNT, shMEKK3,

and shp38d HEK293T cells or cells stably ex-

pressing FLAG-p62WT or FLAG-p62T269/S272AA

were treated as in (A). Cell lysates and mTOR im-

munoprecipitates were immunoblotted for the

indicated proteins.

Results are representative of three experiments.
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Figure 6. The MEKK3/p38d Cascade Controlled Cell Proliferation and Autophagy through mTORC1 Activation
(A) MEKK3, p62, or p38d deficiencies reduced cell size. Results are shown as means ± SEM (n = 3). *p < 0.05; **p < 0.01.

(B and C) Knockdown of MEKK3 or p38d reduced cell proliferation under normal growing conditions. shNT, shMEKK3, or shp38d PC3 cells were cultured under

normal growing conditions, and cell viability was determined by trypan blue exclusion assay. Results are shown as means ± SEM (n = 3). *p < 0.05; **p < 0.01.

(D and E) RagBGTP overexpression rescued the defects in cell proliferation inMEKK3- or p38d-knockdown cells. PC3 cells stably expressing FLAG-RagBGTPwere

infected with shNT, shMEKK3, or shp38d lentiviral vectors. Cell lysates were analyzed by western blot, and cell viability was determined as in (C). Results are

shown as means ± SEM (n = 3). *p < 0.05; **p < 0.01.

(legend continued on next page)
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pS6 staining, in tumor tissues as compared to normal controls
(Figure 7E). We next analyzed the expression of MEKK3, p38d,
p62, and phospho-S6 in PCa tissue microarrays by immunohis-
tochemistry. Interestingly, our data showed much stronger
expression of all these proteins in aggressive tumors with high
Gleason score (GS 7–10) than in those with low Gleason score
(GS 2–6; Figure 7F). Importantly, MEKK3 and p38d expression
significantly correlated with p62 and phospho-S6 in these hu-
man PCa samples (Figure 7G). Taken together, these results es-
tablished that the PB1-driven MEKK3/p38d/p62/mTOR pathway
is relevant to PCa.

DISCUSSION

The mechanisms whereby cells couple nutrient availability to
anabolism and cell growth are being progressively unveiled,
and the role of mTORC1 in these processes is well established
(Jewell and Guan, 2013; Laplante and Sabatini, 2012; Shimo-
bayashi and Hall, 2014). A major breakthrough in the field was
the identification of the lysosome as a critical organelle where
mTORC1 is recruited via the Rag proteins and then activated
by as-yet-undefined mechanisms. In addition, how mTORC1
senses the availability of nutrients, and specifically of amino
acids, is a fundamental problem in the field that needs to be
resolved. Here, we show that the signaling adaptor p62, which
we previously demonstrated to contribute tomTORC1 activation
by amino acids (Duran et al., 2011), is phosphorylated at two
specific residues by p38d through a MEKK3/MEK3/6-driven
cascade that enables the recruitment of TRAF6 to the lysosome.
This creates a signaling scaffold with the core mTORC1 complex
that results in the K63 polyubiquitination of mTOR and its activa-
tion in response to amino acids but independent of insulin.
Therefore, p62 emerges as a platform that facilitates the recruit-
ment and efficient activation ofmTORC1. Interestingly, the spec-
ificity of this process is provided by the selective interaction of
MEKK3 with p62 through their respective PB1 domains. In this
regard, although different MAPKs have previously been impli-
cated in the negative or positive control of mTORC1, primarily
in response to stress stimuli (Cully et al., 2010; Li et al., 2003;
Wu et al., 2011; Zheng et al., 2011), our data reveal a specific
role for p38d in mTOR activation in the nutrient cascade as
part of a PB1-directed complex. Our studies contribute to a bet-
ter understanding of the activation of mTORC1 by amino acids,
but also they provide context for previously reported p62 phos-
phorylation events. That is, recent data demonstrate that p62 is
phosphorylated at S351, which serves to increase its binding af-
finity for Keap1 and competitively inhibits the Keap1-Nrf2 inter-
action (Ichimura et al., 2013). This results in the stabilization of
Nrf2 and the subsequent expression of genes encoding antioxi-
dant proteins and anti-inflammatory enzymes (Ichimura et al.,

2013). Interestingly, at least one of the kinases that can target
p62’s S351 is mTOR itself. Therefore, it is tempting to speculate
that the MEKK3-directed phosphorylation of p62 at T269/S272
serves to activate mTORC1, which then phosphorylates p62’s
S351 to activate Nrf2 to protect cells from oxidative stress. In
cancer, this could be highly relevant because tumor cells need
to remove excess ROS while maintaining high levels of prolifer-
ation. Therefore, our model predicts that p62 is a crucial regu-
lator of cancer cell proliferation by influencing cell growth
through mTORC1 and cell survival through an mTORC1-p62-
driven anti-oxidative mechanism.
Interestingly, we have recently reported that MEKK3 is part of

another PB1 complex that activates a canonical MEK4/JNK
cascade to regulate inflammation in macrophages in response
to lipids, another type of nutrients that can trigger an inflamma-
tory response when present in excess (Hernandez et al., 2014).
This distinct MEKK3 pathway is orchestrated by the interaction
of MEKK3 with NBR1 through their respective PB1 domains
(Hernandez et al., 2014). Therefore, two PB1 scaffolds, p62 in
mTORC1 and NBR1 in inflammation, use MEKK3 to deliver
their respective signals in response to different nutrients. How
the interaction of MEKK3 with either p62 or NBR1 orchestrates
the p38d or the JNK pathways, respectively, is not clear and
will likely need more-detailed structural studies to be fully
understood.
In summary, the work presented here describes a nutrient-

sensing pathway that is selectively activated in response to
amino acids and is also operative in cancer cells. This kinase
cascade is organized by a platform that depends on p62 PB1-
domain interactions and is highly upregulated during cancer pro-
gression. Different components of the cascade are overex-
pressed in PCa in a manner that is correlated with tumor stage,
which suggests that the cascade is essential for tumor develop-
ment. Because kinases are eminently druggable targets, our
findings have the potential to open new avenues for designing
novel treatments for cancer.

EXPERIMENTAL PROCEDURES

Mice
PTEN+/! and PTENfl/fl-PBcre mice were described previously (Fernandez-

Marcos et al., 2009). Both mouse strains were generated in a C57BL/6 back-

ground. All mice were born and maintained under pathogen-free conditions.

Animal handling and experimental procedures conformed to institutional

guidelines (Sanford-Burnham Medical Research Institute Institutional Animal

Care and Use Committee).

Generation of Knockout Cell Lines
To knock out genes in cell lines, guide RNAs targeting MEKK3, p38d, and p62

were designed using the CRISPR design tool at http://crispr.mit.edu/ and

cloned into a bicistronic expression vector (PX458) containing human-

codon-optimized Cas9 fused to EGFP through T2A sequence and the RNA

(F–I) Knockdown of MEKK3 or p38d promoted autophagy in response to nutrient deprivation. shNT, shMEKK3, or shp38d PC3 cells were deprived of amino acids

and serum for 4 hr in the absence or presence of bafilomycin A1. Cell lysates were immunoblotted for the indicated proteins. Graphs represent LC3-II/actin ratio

as measured by densitometry.

(J and K) Knockdown of MEKK3 or p38d promoted increased autophagic flux. Images of shNT, shMEKK3, or shp38d cells stably expressing GFP-mCherry-LC3

and treated as in (G) are shown. The scale bars represent 10 mm. Quantification of the number of autophagosomes and autolysosomes per cell is shown. Results

are shown as means ± SEM (n = 20). *p < 0.05; **p < 0.01; ***p < 0.001.

Results are representative of three experiments.
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Figure 7. MEKK3/p38d/p62/mTOR Is Relevant to Prostate Cancer
(A) Knockdown of MEKK3, p38d, or p62 led to a reduction in the efficiency of organoid formation, size, and hyperplastic phenotype of PTEN-null prostate or-

ganoids. Representative images of organoids and H&E staining are shown. Prostate organoids were prepared from PTENfl/fl-PBcre mice and infected with

lentiviral vectors for shNT, shp62, shMEKK3, and shp38d. Organoids were analyzed after 7 days in culture. The scale bars represent 100 mm.

(legend continued on next page)
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components (Addgene). Additional detailed procedures are described in the

Supplemental Experimental Procedures.

Statistical Analysis
All the statistical tests are justified for every figure. Data are presented as the

mean ±SEM. Significant differences between groups were determined using a

Student’s t test (two-tailed unpaired) when the datamet the normal distribution

tested by D’Agostino test. If the data did not meet this test, a Mann-Whitney

test was used. The significance level for statistical testing was set at p <

0.05. All experiments were performed at least two or three times.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and four figures and can be found with this article online at http://dx.doi.org/

10.1016/j.celrep.2015.07.045.
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Figure S1. The Mutation of p62 Phosphorylation Sites to Aspartic Acid 

,p62T269/S272DD, Does Not Mimic p62 Phosphorylation for mTOR Activation and 

TRAF6 Recruitment in Response to Amino Acids, Related to Figure 1. 

(A) The p62T269/S272DD mutant was not able to reconstitute mTOR activation in p62KO 

MEFs. WT and p62KO MEFs, reconstituted with p62WT, p62T269/S272AA, or p62T269/S272DD 

were starved of amino acids for 50 min and restimulated with amino acids for 20 min. 

Cell lysates were analyzed by western blot. 

(B) The p62T269/S272DD mutant was not able to interact with TRAF6. HEK293T cells, 

transfected with the indicated plasmid were treated as in (A). Cell lysates and FLAG-

tagged immunoprecipitates were immunoblotted to detect the indicated proteins. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. MEKK3 Is Required for mTORC1 Activation in Response to Amino 

Acids ,Related to Figure 2. 

(A) MEKK3 is required for mTOR activation by amino acids. Control or MEKK3-deficient 

HEK293T cells were deprived of amino acids and serum for 50 min and then stimulated 

with amino acids for 15 min. Cell lysates were immunoblotted for the specified proteins. 

(B) MEKK3 is required for mTOR activation by amino acids. shNT or shMEKK3 

HEK293T cells were treated as in (A) and cell lysates were immunoblotted for the 

specified proteins.  

(C-D) MEKK3 is required for mTOR activation by amino acids in different cell lines. shNT 

or shMEKK3 A549 cells and PC3 cells were treated as in (A), and immunoblotted for the 

specified proteins. 

Results are representative of three experiments.  



 

 

 

 

 



 

 

Figure S3. p38δ  Is Required for mTORC1 Activation and p62 Phosphorylation in 

Response to Amino Acids, Related to Figure 3. 

(A) MEKK3 does not phosphorylate p62 in an in vitro phosphorylation assay with ATPγS.  

(B) CDK1 does not phosphorylate p62 in response to amino acids. HEK293T cells, in the 

presence or absence of purvalanol, were deprived of amino acids for 50 min and then 

stimulated with amino acids for 20 min. Cell lysates were immunoblotted for the specified 

proteins. 

(C) p38δ is required for mTOR activation by amino acids. HEK293T cells transfected 

with scramble siRNA or the different MAPK siRNAs were treated as in (B) and cell 

lysates were then immunoblotted for the specified proteins.  

(D) p38δ is required for mTOR activation by amino acids. Control or p38δ-deficient 

HEK293T cells were treated as in (B) and cell lysates were immunoblotted for the 

specified proteins. 

E) Inhibition of p38 enzymatic activity blocks p62 phosphorylation and mTOR activation 

by amino acids. HEK293T cells, in the presence or absence of the p38 inhibitor BIRB 

796 (10 µM), were treated as in (B). Cell lysates were immunoblotted for the specified 

proteins 

Results are representative of three experiments.  

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. Antibodies Validation for Immunofluorescence, Related to Figure 4. 

(A-B) Images of HeLA cells, transfected with scramble siRNA or MEKK3 or p38δ siRNA, 

coimmunostained for MEKK3 or p38δ and DAPI. Cells were starved for 50 min before 

processing. Scale bars= 10µm. 
Images are representative of two independent experiments. 

 

 

 

 

 

 



Supplemental Experimental Procedures 
 
Generation of Knockout Cell Lines 

The guide sequences targeting Exon 1 of human MEKK3, p38δ, and p62 are shown 

below. 

MEKK3: 5’- GAACTCAATCATGAACGATC 

p38δ :  5’- G TACGTGTCCCCGACGCACGT  

p62:  5’-GAAGATCGCCTTGGAGTCCG 

The single guide RNAs in the PX458 vector (4µg) were transfected into HEK293T cells 

using Lipofectamine 2000 according to manufacturer’s instructions. 24 hours post 

transfection, the cells were trypsinized, washed with PBS, and re-suspended in DMEM 

with 2% FBS and penicillin/streptomycin. GFP-positive cells were single-sorted by FACS 

(Sanford-Burnham Medical Research Institute FACS core, FACS ARIA) into 96-well 

plates in DMEM containing 20% FBS and 50µg ml-1 penicillin/streptomycin. Single 

clones were expanded and screened for MEKK3, p38δ, and p62 by protein 

immunoblotting. 

 

Antibodies and Reagents 

Reagents were obtained from the following sources: primary antibodies to HA tag (sc-

805), GST tag (sc-138), and Myc tag (sc-40), S6K1 (sc-230), MEKK3 (sc-28769), p38δ 

(sc-7585), ubiquitin (sc-8017), TRAF6 (sc-7221), and actin (sc-1616); HRP-labeled anti-

mouse, anti-mouse IgG1, and anti-goat secondary antibodies were from Santa Cruz 

Biotechnology. Antibodies to raptor (#2280), phospho-T389 S6K1 (#9205), mTOR 

(#2983), phospho-T37/46 4EBP1 (#2855), 4EBP1 (#9644), AKT (#9272), phospho-S473 

AKT (#4058), LC3 (#4108), phosho-Ser240/244 S6 (#5364), S6 (#2317), and HRP-

labeled anti-rabbit secondary antibody were from Cell Signaling Technology. Antibody to 



phospho-T269/S272 p62 was from Phospho Solutions. Antibody to LAMP2 (ab25631) 

was from Abcam, and to human p62 (#610833) from BD biosciences. FLAG antibody 

(F1804), human recombinant insulin, bafilomycin A1, purvalanol, protein A-sepharose, 

bovine insulin, RPMI 1640 medium, Y-27632, leucine, and 50x amino acid solution were 

from Sigma Aldrich. BIRB 796 was from Millipore. DMEM and fetal bovine serum were 

from Hyclone; FuGENE 6 and Complete Protease Cocktail were from Roche. Alexa 488-

, Alexa 555-, and Alexa 568-conjugated secondary antibodies, Lipofectamine 2000, and 

tyramide signal amplification kits, B27, and Glutamax were from Life Technologies. 

RPMI 1640 medium modified to be without amino acids was from US Biological; protein 

G-Sepharose was from Amersham; collagenase type II, DMEM, ADMEM/F12 and 

TrypLE from GIBCO; EGF 5, R-spondin1, recombinant Noggin from Preprotech; growth 

factor-reduced Matrigel from Corning; and A83-01 from Tocris. 

 

Isolation and Culture of Prostate Epithelial Cells  

Prostate epithelial cells were prepared as previously described (Karthaus et al., 2014) 

with a few modifications. Murine prostates were isolated from 8-week-old PTENfl/fl-PBcre 

male mice and were placed in 5 mg ml-1 collagenase type II in ADMEM/F12 and 

digested for 1 to 2 h at 37°C. Glandular structures were washed with ADMEM/F12 and 

centrifuged at 100 G. Subsequently, structures were digested in 5 ml TrypLE with the 

addition of Y-27632 to 10 µM for 15 min at 37°C. Trypsinized cells were washed and 

seeded in growth factor-reduced Matrigel. Murine prostate epithelial cells were cultured 

in ADMEM/F12 supplemented with B27, 10 mM HEPES, Glutamax, and 

penicillin/streptomycin and containing the following growth factors: EGF 50 ng/ml, R-

spondin1-conditioned medium or 500 ng/ml recombinant R-spondin1, 100 ng/ml 

recombinant Noggin, and the TGF-β/Alk inhibitor A83-01. Murine prostate organoids 

were passaged either via trituration with a glass Pasteur pipet or trypsinization with 



TrypLE for 5 min at 37°C. Lentiviral infections were performed as described previously 

(Koo et al., 2012) using pLKO.1-puro targeting p62, MEKK3, p38δ, or control scramble. 

In short, 100,000 single cells were infected with an MOI 1*103. Infection was done during 

centrifugation for 1 h at 600 G RT. Cells were subsequently placed at 37°C, 5% CO2 for 

3 h to recover. Cells were plated in Matrigel and, 24 h post seeding, 1 µg/ml puromycin 

was applied for 2 days to ensure only infected cells remained. 

 

Cell Culture 

HEK293T, PC3, and A549 cells were from ATCC. p62 KO MEFs were previously 

described (Duran et al., 2011). Cells were tested for mycoplasma contamination. Cells 

were cultured in DMEM with 10% FBS. For co-transfection experiments, 0.9 million 

HEK293T cells were plated in 6 cm culture dishes. 24 hours later, cells were transfected 

with 500 ng of the expression plasmids. Empty vector was added to transfection mixes 

to bring the total DNA quantity up to 2 µg. For amino acid starvation, HEK293T cells in 

10 cm culture dishes or on coated glass cover slips were rinsed with PBS and incubated 

in serum and amino acid-free RPMI for 50 minutes. MEFs, PC3, and A549 cells were 

treated similarly, but starved for 4 hours. Cells were stimulated with a 1X amino acid 

mixture for different durations, as indicated. After stimulation, the final concentration of 

amino acids in the media was the same as in RPMI. For insulin stimulation, HEK293T 

cells were deprived of serum for 24 h and stimulated with 150 nM of insulin. Cells were 

processed for biochemical or immunofluorescence assays as described below. Cell 

viability was determined by Trypan Blue exclusion at the indicated times.  

 

 

 

 



Plasmids 

pCMV-FLAG-p62, pWZL-Hygro-p62, and pCDNA3-myc-p62 vectors have been 

described previously (Duran et al., 2011). pCMV-FLAG-p62 T269A/S272A, pCMV-

FLAG-p62 T269D/S272D, pWZL-Hygro-p62 T269A/S272A, pCDNA3-myc-p62 

D69A/D73A, pCDNA3-FLAG-p38δ T180A/Y182F plasmids were generated by in vitro 

mutagenesis. The following plasmids were from Addgene: Addgene plasmid 19301, 

pRK5-HA GST RagBGTP (Sancak et al., 2008); Addgene plasmid 20785, pCDNA3 

FLAG-p38δ (Enslen et al., 2000), Addgene plasmid 12186, pCMV5 HA-MEKK3 (Blank et 

al., 1996); Addgene plasmid 14671, pRc/RSV FLAG MKK3 (Derijard et al., 1995), and 

Addgene plasmid 22418: mCherry-EGFP-LC3 (Pankiv et al., 2007). 

 

Mammalian Lentiviral shRNAs, siRNAs, and Retroviral Transduction  

TRC lentiviral shRNAs targeting human MEKK3 (TRCN0000010692, 

TRCN0000002305), human p38δ (TRCN0000055428), mouse MEKK3 

(TRCN0000025250), mouse p62 (TRCN0000098616) and mouse p38δ 

(TRCN0000023092) were obtained from Sigma. shRNA-encoding plasmids were co-

transfected with psPAX2 (Addgene; plasmid 12260) and pMD2.G (Addgene; plasmid 

12259) packaging plasmids into actively growing HEK293T cells by using FuGENE 6 

transfection reagent. Virus-containing supernatants were collected 48 hours after 

transfection, filtered to eliminate cells, and then used to infect target cells in the 

presence of 8 µg/ml polybrene. Cells were analyzed on the third day after infection. For 

MAPK siRNA screening, two pools of four siRNAs against each target from two different 

sources (Dharmacon and Ambion) were used. siRNAs were co-transfected into actively 

growing cells by using Lipofectamine transfection reagent. Cells were analyzed on the 

second day after transfection. Retroviruses were produced in Phoenix cells by transient 



transfection using Lipofectamine. Culture supernatants were collected 24, 48, and 72 h 

post-transfection, filtered, and supplemented with 8 µg/ml polybrene. Cells were infected 

with three rounds of viral supernatants and selected with hygromycin (75 µg/ml). 

 

Cell Lysis, Immunoprecipitation, Fractionation, and Immunoblotting 

Cells were rinsed once with ice-cold PBS and lysed in ice-cold lysis buffer (40 mM 

HEPES [pH 7.4], 120 mM NaCl, 1 mM EDTA, 10 mM pyrophosphate, 10 mM 

glycerophosphate, and 0.3% CHAPS, and one tablet of EDTA-free protease inhibitors 

[Roche] per 25 ml). The soluble fractions of cell lysates were isolated by centrifugation at 

13,000 rpm for 15 minutes. For immunoprecipitations, primary antibodies were added to 

the lysates and incubated with rotation overnight at 4°C. 40 µl of a 50% slurry of protein 

G-sepharose or protein A-sepharose was then added and the incubation was continued 

for an additional 1 hour. Immunoprecipitates were washed three times with lysis buffer. 

Fractionation of lysates into heavy membrane and light membrane/cytosolic fractions 

was performed as described (Menon et al., 2014), In brief, HEK293T cells from two 

near-confluent 15-cm dishes per treatment were washed with cold PBS, scraped into 

cold PBS, pelleted by centrifugation at 800 g for 2 min at 4°C, and re-suspended in 

300 µl cold hypotonic lysis buffer (10 mM HEPES, pH 7.2, 10 mM KCl, 1.5 mM MgCl2, 

20 mM NaF, 100 µM sodium orthovanadate, 250 mM sucrose, with freshly added 

protease inhibitors). Cells were mechanically lysed by drawing 4 times through a 23G 

needle and then centrifuged at 500 g for 10 min at 4°C, yielding a post-nuclear 

supernatant (PNS). The PNS was centrifuged at 20,000 g for 2 hr to separate the 

soluble supernatant (light membrane/cytosolic fraction) from the insoluble pellet (heavy 

membrane fraction). The pellet was resuspended in RIPA buffer (40 mM HEPES, pH 

7.4, 120 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 1% Na deoxycholate, 5% 

glycerol, 10 mM sodium pyrophosphate, 10 mM glycerol 2-phosphate, 50 mM NaF, 



0.5 mM sodium orthovanadate, and 1:100 protease inhibitors). Cell extracts or 

immunoprecipitated proteins were denatured by the addition of 20 µl of sample buffer 

and boiling for 5 minutes, resolved by 8%–14% SDS-PAGE, and then transferred to 

nitrocellulose-ECL membranes (GE Healthcare). The immune complex was detected by 

chemiluminescence (Thermo Scientific). 

 

In Vitro Kinase-Assay and MS/MS Phosphopeptide Identification 

For in vitro phosphorylation assays, 1 µg of recombinant MBP-p62 was incubated at 30 

ºC for 60 min in kinase assay buffer containing 25 mM Tris-HCl (pH 7.5), 5 mM MgCl2, 

0.5 mM EGTA, 1 mM DTT, and 100 µM ATP in the presence of recombinant MEKK3 or 

p38δ. For ATP analog-based phosphorylation detection, the protocol described 

previously (Allen et al., 2007) was followed with minor modifications. Briefly, 100 µM of 

ATPγS (Biolog) was added to the reaction, after which PNBM (Abcam) and EDTA were 

added to a final concentration of 2.5 mM and 20 mM, respectively, and incubated for 1 h 

at room temperature. Immunoblotting detection was performed with anti-thiophosphate 

ester antibody from Cell Signaling. Protein digestion, TiO2-based phosphopeptide 

enrichment, electrospray ionization-liquid chromatography tandem mass spectrometry, 

and MS/MS analysis were performed as described previously (Ma et al., 2013). 

 

Ubiquitin Detection Assay 

Detection of endogenous in vivo mTOR ubiquitination was performed as described 

(Xiong et al., 2009). In brief, HEK293T cells were lysed with cell lysis buffer (2% SDS, 

150 mM NaCl, 10 mM Tris-HCl, pH 8.0, with 2mM sodium orthovanadate, 50 mM 

sodium fluoride, and protease inhibitors). Cell lysates were boiled for 10 min to 

dissociate protein-protein interactions. The samples were diluted with dilution buffer (10 



mM Tris-HCl [pH 8.0], 150 mM NaCl, 2 mM EDTA, 1% Triton). The diluted samples were 

incubated at 4°C for 60 min with rotation and then centrifuged for 30 min. Cell lysate was 

incubated with mTOR antibody overnight, after which Protein A beads were added for an 

additional 1 h. Immunoprecipitates were washed with washing buffer (10 mM Tris-HCl, 

pH 8.0, 1 M NaCl, 1 mM EDTA, 1% NP-40). Proteins were eluted in SDS-sample buffer, 

subjected to SDS-PAGE, transferred to nitrocellulose membrane, and immunoblotted 

with anti-ubiquitin.  

 

Histological Analysis 

Prostate organoids and prostates from 10-month-old PTEN+/− male mice were isolated, 

rinsed in ice-cold PBS, fixed in 10% neutral buffered formalin for 24 h, dehydrated, and 

embedded in paraffin. Sections (5 µm) were stained with hematoxylin and eosin (H&E). 

For immunohistochemistry, sections were deparaffinized, rehydrated, and then treated 

for antigen retrieval. After blocking in avidin/biotin solutions (Vector Laboratories), 

tissues were incubated with primary antibody overnight at 4 °C, followed by incubation 

with biotinylated secondary antibody. Endogenous peroxidase was quenched in 3% 

H2O2 in water at room temperature. Antibodies were visualized with avidin/biotin 

complex (Vectastain Elite; Vector Laboratories) using diaminobenzidine as the 

chromagen. Human prostate tissue microarray (TMA) slides were obtained from US 

Biomax. Stained TMA slides were scanned by using the Scanscope XT system (Aperio) 

and images were captured using the Aperio ImageScope software (v11.1.2.760). For the 

quantitative analysis, a Histo-score (H score) was calculated based on the staining 

intensity and percentage of stained cells using the Aperio ScaScope systems. 

 

 

 



Immunofluorescence Assays and Colocalization Measurements 

HeLa, HEK293T, and A549 cells were plated on fibronectin-coated glass coverslips in 

24-well tissue culture plates. 24 hours later, cells were amino acid starved, and then 

stimulated with amino acids as described above, rinsed with PBS once, fixed with 

warmed 4% formaldehyde, and permeabilized with 0.1% Triton X-100. Fixed cells on 

cover slips or sections from human prostate samples, previously deparaffinized, were 

blocked for one hour in blocking buffer (0.3% BSA in PBS) and then incubated with 

primary antibody in blocking buffer overnight at 4°C. Samples were then rinsed twice 

with blocking buffer and incubated with secondary antibodies for one hour at room 

temperature in the dark, followed by tyramide signal amplification. Slides were mounted 

on Mowiol and examined with a FluoView 1000 Olympus Laser Point Scanning Confocal 

Microscope. The colocalization plugin in ImageJ (NIH) was applied to measure co-

localization between two channels of confocal z stacks (a constant threshold for all the 

images within each experiment was applied). A maximum-intensity projection was 

generated, and the area of co-localizing pixels was quantified using the JACoP plugin in 

ImageJ, and expressed as the total area of colocalization per cell. Quantification was 

carried out on at least 15 cells per condition from two independent experiments. 

 

Cell-Size Determinations 

For measurement of cell size, triplicates of each sample were analyzed using Countess 

Automated cell counter (Invitrogen). 
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Efforts to identify new therapeutic 
targets in cancer primarily focused 
on oncogenes and tumor suppressor 
genes, and their mechanisms of ac-
tion. However, there is an emerging 
alternative strategy that involves 
identification of target proteins that 
are not encoded by oncogenes, but 
are, nonetheless, required to accom-
modate cancer-specific stresses. 

One of the most interesting, and 
possibly richest, sources for new thera-
peutic targets is the cellular machinery 
regulating cancer cell metabolism. 
Tumor cells normally rely on aerobic 
glycolysis to maintain cell growth and 
proliferation, even in the presence of 
normal concentrations of oxygen [1]. 
This paradoxical situation makes can-
cer cells relatively resistant to growth 
inhibition in conditions of oxygen 
deprivation, and provides a way to 
rapidly produce the cellular energy and 
metabolites required for the high rate 
of anabolism that drives the dramati-
cally increased proliferation of cancer 
cells [1]. This is an efficient metabolic 
mechanism as long as cancer cells have 
access to a constant supply of glucose. 
However, cancer cell addiction to a high 
glucose supply makes them vulnerable 
and, therefore, susceptible to nutrient 
stress. Notably, nutrient deprivation has 
been correlated with poor patient sur-
vival [2], suggesting that instead of kill-
ing the tumor, the scarcity of nutrients 
can make the cancer cell stronger. This 
is likely because the existence of bio-
chemical alterations that allow cancer 
cells to acquire the plasticity necessary 
to reprogram their metabolism in re-
sponse to different nutrient conditions, 
positioning them better to compete, 

and thus resulting in a more aggressive 
tumor. In this regard, the work of Sun 
and co-workers show that when cancer 
cells are deprived of glucose or gluta-
mine, the serine biosynthesis pathway 
(SSP) is activated [3] (Figure 1). These 
results confirm previous data in colon 
cancer cells demonstrating that glucose 
deprivation promotes cell death unless 
they are deficient in the atypical PKC, 
PKCζ, and thus they can synthesize ser-
ine and glycine from glutamine through 
a process of “reverse glycolysis” [4]. In-
terestingly, Sun et al. [3] extended these 
observations and made the important 
finding that the SSP pathway is activated 
not only under glucose deprivation 
condition [4] but also when cells are de-
prived of glutamine. These observations 
begged the question, why is the SSP 
pathway so relevant? The first evidence 
of the importance of this pathway for 
tumorigenesis came from the studies 
of Locasale and co-workers who found 
that certain cancer cells utilize part of 
the glycolytic carbon for the serine 
biosynthetic pathway, which correlated 
with the amplification of phosphoglyc-
erate dehydrogenase (PHGDH; Figure 
1) [5]. Consistent with these data, it was 
also shown that cell proliferation was 
severely attenuated by downregulation 
of PHGDH in cells with an amplified 
PHGDH gene [5]. This suggests that 
the channeling of glycolytic products 
to this pathway might have a number of 
metabolic benefits that cannot be com-
pensated by the import of extracellular 
serine. Interestingly, Possemato et al. [6] 
also established the 3-phosphoglycerate 
(3PG) → serine pathway as relevant to 
cancer, and suggested that the produc-
tion of α-ketoglutarate from glutamine-

derived glutamate during the conversion 
of phospho-hydroxypyruvate to phos-
pho-serine by PSAT1 was the relevant 
step for tumorigenesis (Figure 1). More 
recent data demonstrated that serine-
driven one-carbon metabolism, in which 
oxidation of methylene tetrahydrofolate 
to 10-formyl-tetrahydrofolate is coupled 
to reduction of NADP+ to NADPH, 
is a source of reducing potential with 
comparable importance to the oxidative 
pentose phosphate pathway [7]. This 
pathway also supports another critical 
component of the cellular redox system, 
glutathione biosynthesis, as glycine 
is one of the three amino acids (along 
with glutamate and cysteine) that com-
pose glutathione. This could explain at 
least in part why the SSP cascade is so 
relevant and, according to the recent 
evidences, so heavily regulated. 

In this regard, two very recent stud-
ies further support this notion. Gottlieb 
and co-workers have recently demon-
strated that serine is a natural ligand of 
pyruvate kinase M2 (PKM2), and that 
serine binding allosterically activates 
PKM2 enzymatic activity [8]. This has 
important metabolic implications due 
to the critical role played by PKM2 
in the regulation of the glycolytic flux 
(Figure 1). Furthermore, Thompson 
and co-workers presented compelling 
evidence that PKM2 exerts a regula-
tory contribution to the serine synthetic 
pathway [9]. Thus, in the absence of 
serine, the glycolytic flux to lactate is di-
minished due to the reduced activity of 
PKM2, which results in the accumula-
tion of glycolytic intermediates that are 
diverted to the PHGDH-driven serine 
biosynthetic pathway [9]. This model 
implies that cancer cells, by express-
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ing PKM2, can maintain high levels of 
anabolism and cell proliferation in the 
absence of serine in the extracellular 
milieu. Therefore, the crosstalk between 
PHGDH and PKM2 appears central to 
the regulation of cancer metabolism. 
The results of Sun et al. [3] showing 
that c-Myc stimulated SSP activation 
by transcriptionally regulating the 
expression of several SSP enzymes in 
cancer cells adds another very interest-
ing layer of complexity to the regulation 
of the pathway. However, much work 
remains to be done to fully understand 
this complex regulatory cascades and 

their relevance in cancer metabolism. 
For example, it is clear that PHGDH, a 
critical enzyme in the SSP cascade, is 
doubly repressed by PKCζ at the tran-
scriptional level and by phosphoryla-
tion, which again is consistent with the 
relevance of this pathway [4]. How this 
fits with the activation of c-Myc needs 
to be clarified. In the same vein, the SSP 
cascade is also controlled by a GCN2 → 
ATF4 module that acts as a sensor of the 
extracellular levels of amino acids and 
that is important for mTORC1 activa-
tion [9]. Key questions that remain to be 
addressed are how nutrient stress regu-

lates c-Myc to impact PHGDH in the 
context of ATF4 activation and PKCζ 
activity. Furthermore, recent data from 
Valencia et al. [10] demonstrated that 
the downregulation of c-Myc in p62/
mTORC1-deficient stromal fibroblasts 
results in impaired SSP that leads to 
more ROS and inflammation, which 
creates a more protumorigenic micro-
environment in prostate cancer and 
likely in other tumors. This is important 
to consider because therapies aimed at 
blocking c-Myc or mTORC1 at a sys-
temic level will create a more reactive 
tumor stroma that will likely hamper the 
therapeutic efficacy of these treatments 
in the tumor epithelium.
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Adaptor proteins participate in selective autophagy, which is critical for cellular detoxification and
stress relief. However, new evidence supports an autophagy-independent key role of the adaptor
p62 (encoded by the gene Sqstm1) in signaling functions central to tumor initiation in the epithelium
and suppression of tumor progression in the stroma.

Autophagy fulfills two major cellular functions—detoxification
through waste removal and conferring resistance to nutrient
stress. Autophagy is activated by metabolic emergencies such
as nutrient starvation, which results in AMPK activation and
mTORC1 inhibition (Galluzzi et al., 2014). The purpose of this
‘‘metabolic autophagy’’ is to provide intracellular energy sources
and anabolic building blocks during nutrient shortage, as often
happens during cancer progression. In that respect, autophagy
might promote tumor growth when cancer cells have limited
access to extracellular metabolites and energy sources. This
mechanism involves the bulk incorporation of organelles into
the autophagosomes without apparent selectivity (Kaur and
Debnath, 2015). In contrast, during basal detoxification or waste
removal in response to stress, autophagy is thought to require
adaptors to target misfolded proteins and dysfunctional organ-
elles to the autophagosomes, while sparing functional cellular
constituents (Green and Levine, 2014). This is important because
this type of selective autophagy, and its adaptors, maintains
cellular wellbeing by preventing ER and oxidative stress. There-
fore, selective autophagy, and theoretically its adaptors, function
as tumor suppressors by preventing genotoxicity and the accu-
mulation of oncogenic mutations. Consequently, conditions that
impair selective autophagy are expected to promote mutagen-
esis and cancer initiation (Kimmelman, 2011; White, 2012).

Therefore, the signals converging onto the two types of auto-
phagy must be finely balanced to prevent tumor initiation and
restrain tumor progression once the cancer cell progenitors
have emerged. The incomplete understanding of the intricacies
of these pathways is likely the root of the conflicting interpreta-
tions of currently available data on the role of autophagy in
cancer. Also, the widely accepted conceptual segregation of
starvation-induced ‘‘bulk’’ unselective autophagy from nutrient-
independent but stress-dependent and adaptor-driven selective
autophagy collideswith the evidence that the autophagy adaptor
p62 is degraded via selective and non-selective autophagy. This,
together with the observation that p62 is often upregulated in
cancer cells, suggests that a third role of autophagy is to make
sure that p62 does not exceed undesired levels. This is important
to keep in mind when considering autophagy as a cancer thera-
peutic target.

Here, we discuss very recent data supporting the notion that
p62, in addition to its role in selective autophagy, is a key pro-
oncogenic regulator thanks to its function as a signaling hub
(Figure 1A). Importantly, high levels of p62 protein in epithelial
cells are necessary and sufficient for inducing oncogenic trans-
formation, independent of its autophagy-related functions (Ume-
mura et al., 2016). This model establishes that one of the critical
roles of autophagy as a tumor suppressor is to prevent p62-
driven tumor initiation and malignant transformation. However,
in the non-transformed components of the tumor microenviron-
ment, such as fibroblasts and macrophages, p62 functions as a
non-cell-autonomous tumor suppressor that attenuates fibrosis
and inflammation (Valencia et al., 2014; Zhong et al., 2016).
Therefore, we propose that the homeostatic maintenance of
p62 levels in both tumor and stroma by autophagy-dependent
or -independent mechanisms will decisively contribute to the
final outcome of the tumorigenic process. This has important
implications for the design of prospective therapeutic strategies
for cancer targeting autophagy or p62-regulated signaling
pathways.

p62: An Autophagy Adaptor and Signaling Hub
Although p62 was the first identified autophagy adaptor, four
other proteins have similar functions, including NBR1, TAX1BP1,
NDP52, and OPTN. p62 was initially found as a signaling regu-
lator residing in the late endosome lysosome (Moscat and
Diaz-Meco, 2009). Unlike other autophagy adaptors, with the
exception of NBR1, p62 is also a central hub due to its ability
to interact with key signaling proteins throughwell-defined struc-
tural elements (Figure 1A)(Moscat and Diaz-Meco, 2009). Thus,
p62 can promote the expression of inflammatory genes via
NF-kB, which it activates through TRAF6 binding by its TRAF6-
binding (TB) domain. p62 also activates the NRF2-dependent
anti-oxidant response by sequestering Keap1 through its KIR
domain (Figure 1A) (Moscat and Diaz-Meco, 2009). New data
also describe that p62 activates mTORC1, which can upregulate
c-Myc (Figure 1A) (Duran et al., 2011; Valencia et al., 2014). None
of these functions depend on the ubiquitin-associated (UBA) or
LC3-interacting region (LIR) domains of p62, which allow it to
function as an autophagy adaptor (Figure 1A) (Moscat and
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Diaz-Meco, 2009). Autophagy, however, plays an important role
in the control of p62 levels as it is constantly degraded via non-
selective autophagy through its LIR domain that binds to LC3 on
autophagosomes’ membranes (Moscat and Diaz-Meco, 2009)
(Figure 1A). p62 expression is also subjected to positive tran-
scriptional regulation since AP1, NF-kB, and NRF2 can stimu-
late Sqstm1 gene transcription (Moscat and Diaz-Meco, 2009)
(Figure 1B). Thus, oxidative stress and inflammation induce
p62 through NRF2 and NF-kB to promote selective autophagy
and cell detoxification. However, just preventing cell death,
although it helps tumorigenesis, is not sufficient to initiate cancer
since the activation of growth promoting anabolic pathways are
required to promote cancer cell growth. In this regard, more
recent data demonstrate that p62, due to its location on lyso-
somes and its ability to bind Raptor and the Rag proteins, regu-
lates mTORC1 activity (Duran et al., 2011). In the presence of
growth factors, mTORC1 is activated by the GTPase Rheb
(Jewell et al., 2013). Rheb is kept in the inactive GDP form by
the tumor suppressive Tsc1/Tsc2 GTPase complex, which is

inactivated by PI3K/AKT-mediated phosphorylation triggered
by growth factors, and antagonized by the tumor suppressor
PTEN (Jewell et al., 2013). Interestingly, p62 deficiency in several
cell systems impairs the recruitment of mTORC1 to the lyso-
somes and its activation in response to amino acids (Duran
et al., 2011) and Tsc1 ablation (Umemura et al., 2016).
Of special relevance for the p62-mTORC1 connection, p62

constitutively binds to MEKK3 through their respective PB1 do-
mains (Linares et al., 2015). Upon amino acid stimulation, the
p62-MEKK3 complex orchestrates a kinase cascade that in-
cludes the activation of MKK3/6 byMEKK3-mediated phosphor-
ylation and the subsequent activation of p38d (Linares et al.,
2015). This results in the direct phosphorylation of p62 at resi-
dues T269 and S272 by p38d, which promotes the recruitment
of TRAF6 to the mTORC1 complex resulting in the K63-type
polyubiquitination of mTOR, which is important for its efficient
activation (Linares et al., 2013) (Figure 1A). Since mTORC1 stim-
ulates several anabolic pathways that promote cell growth and
proliferation as well as c-Myc expression, these findings reveal

Figure 1. p62 Signaling Functions in the Tumor Epithelium and Stroma
(A) Structural domain organization of p62, binding partners, and signaling functions. p62 has a PB1 domain, a ZZ-type zinc finger domain, a TRAF6-binding (TB)
domain, an LC3-interacting region (LIR), a Keap1-interacting region, and a ubiquitin-associated domain (UBA).
(B) Central role of p62 accumulation in the tumor epithelium during cancer initiation through detoxification and mTORC1 activation.
(C) Role of p62 downregulation in the tumor stroma through the inhibition of mTORC1 in metabolic reprogramming and inflammation
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that p62 not only controls cell survival of normal and cancer cells,
but also contributes to cell growth and, when upregulated, to
cancer cell proliferation. A link between p62 accumulation and
c-Myc expression is observed in prostate cancer stromal fibro-
blasts (Valencia et al., 2014) and hepatocellular carcinomas
(HCC) (Umemura et al., 2016).

p62: Epithelial Cell Stress and Cancer
Accumulation of p62 upon impairment of autophagy may exert
deleterious effects in normal epithelial cells. Genetic inactivation
of autophagy by ablation of critical autophagy (atg) genes in liver
parenchymal cells, including hepatocytes, results in a poorly un-
derstood chronic liver damage phenotype that is reversed upon
global Sqstm1 gene ablation (Komatsu et al., 2007). Similarly,
genetic inactivation of IKKa in pancreatic epithelial cells (PEC)
results in chronic pancreatitis that is alleviated upon selective ge-
netic inactivation of Sqstm1 in the same cells (Li et al., 2013).
Those results are surprising given that p62 accumulation triggers
the synthesis of a number of detoxifying enzymes that prevent
oxidative stress, likely through the upregulation of NRF2, and
one would expect that p62 inactivation under autophagy-defi-
cient conditions should result in more damage. A confounding
factor in the study examining autophagy deficiency in the liver
is that autophagy is selectively inhibited in the liver parenchyma,
whereas p62 is globally ablated in all cells (Komatsu et al., 2007).
Therefore, in this case, it is very difficult to know if these effects
result from p62 deficiency in the non-parenchyma. This potential
shortcoming is rectified in a pancreatitis study in which IKKa and
p62 are both knocked out in PEC, the same cell type in which
p62 specifically accumulates upon IKKa ablation (Li et al.,
2013). In that study, p62 removal does not cause any defects
in autophagy, but it does reduce ER stress induced by auto-
phagy inhibition in IKKa-deficient PEC (Li et al., 2013). Although
how p62 accumulation in autophagy-deficient epithelia results
in increased ER stress is not entirely clear yet, it is likely that
unrestrained activation of mTORC1 driven by high p62 levels
clogs the ER by excessive protein production, which will be
an important contributor to the pancreatitis phenotype. Similar
observations are made when p62 is specifically ablated in liver
parenchymal cells (Umemura et al., 2016).

Interestingly, chronic p62 accumulation occurs in human
pancreatitis (Li et al., 2013) and most liver degenerative diseases
in which it is present within cytoplasmic inclusions known as
Mallory-Denk Bodies (Umemura et al., 2016). High p62 levels
promote the activation of NRF2 (Figure 1B), and increased
NRF2 also results in the transcriptional activation of the
Sqstm1 gene, further increasing p62 accumulation through a
feed-forward loop that promotes cancer initiation (Umemura
et al., 2016). This suggests that although a transient increase in
NRF2 levels results in protective anti-oxidant responses
(DeNicola et al., 2011), chronic NRF2 activation is a common
occurrence inmany epithelial cancers, including HCC (Umemura
et al., 2016). The pro-carcinogenic p62-NRF2 autoregulatory
loop has been recently elucidated by studying several models
of HCC induction, either by Tsc1 ablation, which causes chronic
mTORC1 activation, or non-alcoholic steatohepatitis (NASH),
which is characterized by the accumulation of fat in the liver
(like steatosis), along with inflammation and cell damage.

Although Sqstm1 inactivation in liver parenchymal cells abro-
gates the expression of the NRF2-dependent anti-oxidant
response, it also results in the disappearance of hepatocytes
that accumulate reactive oxygen species (ROS), which presum-
ably serve as HCC-initiating cells (Umemura et al., 2016). The
loss of these cells is most likely due to inactivation of the
NRF2-mediated protective response as well as inhibition of
mTORC1 activation and c-Myc expression (Umemura et al.,
2016). Interestingly, although high-fat diet (HFD)-feeding of
wild-type mice, which only develop simple steatosis, does not
lead to substantial p62 accumulation, HFD-feeding of MUP-
uPA mice, which develop NASH, does result in dramatic p62
accumulation and HCC (Nakagawa et al., 2014; Umemura
et al., 2016). Altogether, these studies demonstrate that p62
accumulation in a chronically damaged liver is one of the
most important factors, together with compensatory prolifera-
tion, that leads to HCC development.
The ultimate proof that p62 is an oncogenic protein is that

its overexpression in vivo in the liver was sufficient to induce
HCC without carcinogen administration or any other additional
stimulus (Umemura et al., 2016). Notably, this correlated with
increased mTORC1 and NRF2 activities. This effect of p62
is independent of autophagy because overexpression of a p62
variant lacking the UBA domain, and therefore stripped of its
autophagy adaptor function, was also sufficient to drive HCC
(Umemura et al., 2016). Therefore, therapies aimed at blocking
p62 accumulation, or the activation of its downstream targets,
would be a potentially new therapeutic approach for prevention
of HCC in high-risk individuals. Targeting p62, or the ability of
p62 to activate NRF2 and mTORC1, will have the advantage of
not abolishing the basal activity of NRF2 or mTORC1, since
both pathways are needed for suppression of liver toxicity
and maintenance of hepatic integrity and function (Figure 1B)
(Umemura et al., 2014).

p62: In the Tumor Microenvironment
In contrast to cancer cells, in which p62 expression is dramati-
cally elevated, many tumors display reduced levels of p62 in their
stroma, especially in cancer-associated fibroblasts (CAF) (Valen-
cia et al., 2014). This observation raises interesting questions
regarding the function of p62 in the tumor microenvironment,
which also plays a critical role in cancer progression. Investi-
gating p62 function in prostate cancer, we find that p62-deficient
stromal fibroblasts exhibit increased production of IL-6, which is
critical for TGFb synthesis that converts CAF into activated my-
ofibroblasts that promote tumor progression (Valencia et al.,
2014). Importantly, the downregulation of p62 in CAF is needed
for acquiring their tumor-promoting function (Valencia et al.,
2014). Decreased mTORC1 activity due to the downregulation
of p62 expression results in reduced c-Myc levels that lead to
a failure in the synthesis of reduced glutathione due to defective
metabolic reprogramming and the concomitant increase in ROS
levels under conditions of autophagy competence (Valencia
et al., 2014). Interestingly, the increased oxidative stress in
these stromal cells translated into higher levels of IL-6 that pro-
moted TGFb synthesis, being both required for CAF activation
in p62-deficient prostate cancer stroma (Valencia et al., 2014)
(Figure 1C). An important corollary of these studies is that
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blocking p62, or directly inhibiting mTORC1, in the stroma will
favor tumor progression, which suggests that anti-cancer treat-
ments aimed at reducing the pro-tumorigenicmTORC1 signaling
in tumor cells will be counteracted by the undesired effects of
mTORC1 inactivation in the stroma. This renders therapies that
target mTORC1 in cancer inefficient or even counter-effective.
Future studies in other cancer model systems, together with
the analysis of more extensive patient’s samples will establish
the generality of these observations.
The ability of p62 to act as a tumor suppressor in constituents of

the tumor microenvironment might also apply to tumor-associ-
ated macrophages (TAM), which serve as an important source
of tumor-promoting inflammatory signals (Grivennikov et al.,
2010; Ruffell and Coussens, 2015). In this regard, selective auto-
phagy dependent on p62 has been reported to be important for
clearance of mitochondria that have been damaged due to expo-
sure of macrophages to different stimuli capable of activating
the NLRP3 inflammasome (Zhong et al., 2016). Such stimuli
inducemitochondrial damage and the release of direct NLRP3-in-
flammasome activators such as mtDNA and ROS (Zhou et al.,
2011). Damaged mitochondria undergo mitophagic clearance
through p62 resulting in termination of inflammasome activa-
tion and reduced production of the tumor-promoting cytokines
IL-1b and IL-18 (Zhong et al., 2016). Many stimuli that lead to
NLRP3 inflammasome activation, such as silica microcrystals
and asbestos fibers, are carcinogens even though they do not
induce any oncogenic mutations. Altogether, these results can
explain why genetic inactivation of p62 at an organismal level is
associated with increased tumor progression (Valencia et al.,
2014), whereas the selective inactivation of p62 in cancer epithe-
lial cells restrains cancer initiation (Umemura et al., 2016).

Conclusions and Outstanding Questions
Although we now know a lot more about p62 and its role in can-
cer, many issues still need to be investigated. For example, why
is p62 degraded during nutrient stress-induced autophagy if this
process does not need adaptors? But, even if it does, how can
p62 distinguish between different cargos during ‘‘bulk’’ versus
‘‘selective autophagy’’? And during selective autophagy, how
is specificity of cargo recognition achieved? It is unlikely that
just the PB1 and the UBA domains will be sufficient for cargo se-
lection by p62. How about the other UBA-containing adaptors?
Are they specific for different cargos or do they recognize the
same cargos, but the specificity is cell type dependent? Do other
adaptors have autophagy-independent signaling capabilities
like in the case of p62? Our recent data demonstrating that
NBR1 is a new scaffold for JNK activation in response to hy-
per-nutrition in macrophages suggest that this is the case (Her-
nandez et al., 2014). However, more data are required to address
all these fundamental questions whose resolution will help us
understand the function of these proteins in physiologically
relevant models including cancer and devise new therapeutics
by targeting p62-regulated functions.
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